Effectiveness of water for dust control on Las Vegas Valley soils by Sistla Sai, Krishna Kamakshi
UNLV Retrospective Theses & Dissertations 
1-1-2005 
Effectiveness of water for dust control on Las Vegas Valley soils 
Krishna Kamakshi Sistla Sai 
University of Nevada, Las Vegas 
Follow this and additional works at: https://digitalscholarship.unlv.edu/rtds 
Repository Citation 
Sistla Sai, Krishna Kamakshi, "Effectiveness of water for dust control on Las Vegas Valley soils" (2005). 
UNLV Retrospective Theses & Dissertations. 1801. 
http://dx.doi.org/10.25669/3rzo-vb2u 
This Thesis is protected by copyright and/or related rights. It has been brought to you by Digital Scholarship@UNLV 
with permission from the rights-holder(s). You are free to use this Thesis in any way that is permitted by the 
copyright and related rights legislation that applies to your use. For other uses you need to obtain permission from 
the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license in the record and/
or on the work itself. 
 
This Thesis has been accepted for inclusion in UNLV Retrospective Theses & Dissertations by an authorized 
administrator of Digital Scholarship@UNLV. For more information, please contact digitalscholarship@unlv.edu. 
NOTE TO USERS
Page(s) not included in the original manuscript and are 
unavailable from the author or university. The manuscript 
was scanned as received.
pages xiv, 85, 101 and 108
This reproduction is the best copy available.
UMI
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
EFFECTIVENESS OF W ATER FOR DUST CONTROL ON LAS VEGAS VALLEY
SOILS
by
Krishna Kamakshi Sistla Sai
Bachelor o f Technology in Chemical Engineering 
Jawaharlal Nehru Technological University, India 
June 2001
A thesis submitted in partial fulfillment 
of the requirements for the
Master of Science Degree in Engineering 
Department o f Civil and Environmental Engineering 
Howard R. Hughes College of Engineering
Graduate College 
University of Nevada, Las Vegas 
May 2005
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
UMI Number: 1428588
INFORMATION TO USERS
The quality of this reproduction is dependent upon the quality of the copy 
submitted. Broken or indistinct print, colored or poor quality illustrations and 
photographs, print bleed-through, substandard margins, and improper 
alignment can adversely affect reproduction.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion.
UMI
UMI Microform 1428588 
Copyright 2006 by ProQuest Information and Learning Company. 
Ail rights reserved. This microform edition is protected against 
unauthorized copying under Title 17, United States Code.
ProQuest information and Learning Company 
300 North Zeeb Road 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
IINIY Thesis ApprovalThe Graduate College 
University of Nevada, Las Vegas
The Thesis prepared by
KRISHNA KAMAKSHI SISTLA SAI
Entitled
EFFECTIVENESS OF WATER FOR DUST CONTROL ON LAS VEGAS
VALLEY SOILS
is approved in partial fulfillm ent of the requirements for the degree of 
MASTER OF SCIENCE IN ENGINEERING
Examination Committee M ember
^ - 
Examination Committee M ember
|(
Graduate College Faculty Representative
Examination Co Chair
/V 3L
Dean o f the Graduate College
II
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
ABSTRACT
Effectiveness of Water for Dust Control on Las Vegas Valley Soils
by
Kamakshi Sistla
Dr. David E. James, Examination Committee Chair 
Associate Professor, Department of Civil and Environmental Engineering 
University o f Nevada, Las Vegas
In this thesis, five simple and rapid methods were developed to investigate the 
effectiveness o f water in controlling dust emitted from different soil surfaces undergoing 
either wind erosion or construction activity. Poof, Scrape and Small W ind Tunnel tests 
determine the variation in dust emissions from dry, abraded and wetted surfaces with 
respect to elapse time. Poof and Scrape tests were able to distinguish among different soil 
groups classified based on their Particulate Emission Potential (PEP) and surface 
conditions. The Pie pan tests found one PEP group to have weaker crusts than the others. 
Simplified and standard infiltration tests gave comparable results and showed significant 
rate differences among the Hydrologie soil groups. Rapid volumetric moisture 
measurements combined with bulk density measurements gave results comparable to the 
ASTM Standard method.
in
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CHAPTER 1 
INTRODUCTION
The Las Vegas Valley has one of the hottest and driest climates of any 
metropolitan area in United States. The vast majority of water used in the valley comes 
from the Colorado River through diversion at Lake Mead. Southern Nevada’s limited 
water resources have been subject to significant increases in demand, largely as a result 
of urban growth. Although new supply alternatives are being successfully pursued, 
conservation and efficient use of water is critical for the community’s long-term water 
supply. [Korman et al, 2002].
The Valley also has substantial air quality issues, with airborne particles from soil 
disturbance as one of the major air contaminants. All the states in the United States of 
America are required to adopt National Ambient Air Quality Standards (NAAQS), 
established by EPA. These standards set a limit of 50pg/m^ for annual particulate matter 
concentrations less than 10 microns in size (PM-10) and 150 pg/m^ on the 24-hr 
standards [U.S. EPA,1993]. EPA recently approved a PM -10 State Implementation Plan 
(SIP) for the Las Vegas Valley, to come into compliance with the PM-10 NAAQS 
[Federal Register, 2004]. However, the valley is still designated as a serious PM-10 non 
attainment area for the 24-hour PM-10 standards, and the SIP proposes to bring the valley 
into attainment by 2006.
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It has been estimated that approximately 3 to 4 percent of Southern Nevada Water 
Authority’s (SNWA) water supplies are consumed in development activities such as soil 
prewetting, compaction, earthmoving and dust control [Korman et al., 2002]. W ater 
application practices on vacant lands are often tied to reducing visible dust emissions and 
are also based on keeping soil surfaces sufficiently moist to control dust, instead of 
specifying moisture content. Guidelines have been established by the United States 
Environmental Protection Agency (U.S.EPA), for suppressing dust on unpaved roads 
with application of water. Application of water at rates of 0.566 L/m^, with an application 
depth of 0.057cm (0.022inches), every 20 -30 minutes, is recommended for 100% control 
efficiency on unpaved roads [Rosbury, 1985].
Cowherd et al [1990], for a road construction project, studied the effectiveness of 
water in controlling dust, and reported that 0.2 gal/yard^ of water is needed to apply 
hourly for a control effectiveness of 50%. They also found that 90% efficiency regardless 
of particle size would require increasing the soil moisture content to value four times the 
raw soil moisture content.
Although local air pollution control authorities have developed management 
practices to control dust, some preferences do specify a water application depth and 
application frequency. Rosbury [1985] found that application rates of 4.074L/m^ with 
depths of 0.4Icm  (O.I6inches) are suggested for actively worked areas. Watering once 
per hour will normally have a control effectiveness of 50%. Watering twice per hour or 
once every two hours will have a control effectiveness of about 75% and 30% 
respectively. In contrast, Davis [2002], observed immediate dust reductions at
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construction sites due to surface wetting by water. However, the effectiveness did not 
increase with increased application of water.
The spray systems at transfer points and on material handling operations have 
been estimated to reduce emissions by 70 -  95% [U.S.EPA, 1995]. These systems were 
also effective in reducing loading and wind erosion emissions from storage piles by 80- 
90% [U.S.EPA, 1995].
In the Las Vegas Valley, excess water application on construction sites may 
sometimes result in run-off of soil-laden water that can flow into Las Vegas W ash and 
Lake Mead, potentially diminishing water quality. Additionally, excessive wetting can 
cause soil to adhere to vehicles’ surfaces, thereby resulting in carry out to paved roads, 
where the dried mud can be resuspended as dust [Davis, 2002].
Because of the need to both prevent surface run-off and carry out, and obtain the 
optimum water application depth and application frequency to control dust, it is 
important to develop field methods and evaluation techniques that provide information 
about the relationships between surface moisture content, the potential to emit dust, and 
the rate of surface moisture loss over time.
I . I Particulate matter and its sources
Airborne particulate matter is comprised of tiny particles that vary greatly in shape, size 
and chemical composition, and can be composed of many different materials such as 
metals, soot, soil and dust. Because of its small particle size, less than 10 microns in 
aerodynamic diameter, PM-10 can easily penetrate into the lungs and can have harmful 
effects such as
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• Worsening o f asthma symptoms, and chronic bronchitis
• Reduced lung function in children.
• Aggravation o f bronchitis resulting in increased mortality [Cooper and Alley, 2000] 
The major sources o f  airborne PM-10 include
• Earth-moving activities such as grading, demolition, and trenching.
• Material handling and transport.
• Disturbance o f storage piles.
•  Driving on unpaved roads or surfaces.
• Resuspension o f dust deposited on paved roads from trackout-spillage.
• Wind erosion from unstabilized and/or disturbed vacant lots. [Official website o f City 
o f Mesa, Retrieved on Oct 23'̂ ‘*, 2004].
During studies leading to development o f its 2001 State Implementation Plan (SIP), 
Clark County found that construction activities contribute to roughly 27% of PM-10 
emissions generated within the Las Vegas Valley [Clark County, 2001]. The PM-10 
emissions inventory o f the Las Vegas Valley based on the calendar year 2001 is shown in 
Fig 1.1.
In view o f the major contribution o f PM-10 from construction sites, Clark County 
Construction Best M anagement Practices, mandate water application to control dust for 
construction activities such as back filling, blasting, crushing, cutting and filling, 
demolition, and landscaping, screening, trenching, stock piles.
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point & area sources 
(factories, industries, 
etc.,)
2%
mobile sources exhaust 
( on road, off-road, & 
airports)
paved roads
vacant land 
dust (includes disturbed 
and undisturbed lands) 
3 6 %
unpaved roads 
26 %
construction
27%
Fig 1.1: Las Vegas Valley- wide 24-hr PM-10 inventory, 2001.
[Source: M odified from Official website of Dept, of Air Quality Management. Clark
County, Nevada, 2001]
1.2 Soil classification
It is important to classify the soils prior to construction, because, the type of soil 
provides information, about the types of control measures that would be required on the 
site. Clark County has adopted Particulate Emission Potential (PEP) as the primary 
classification scheme that determines the type of control measures to be applied 
[MacDougall et al., 2001]. It is based on two measurable soil properties:
1. Silt Fraction, (fraction passing through #200 sieve) and
2. Optimum Moisture Content.
Research by Geotechnical and Environmental Services (GES) and Clark County 
[MacDougall et al., 2001] established relationships among the silt content in soil, 
optimum moisture content and PEP. The soils in the Las Vegas Valley are classified
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PEP categories. Table 1.1 illustrates the approximate silt contents and optimum moisture 
contents with respect to PEP categories.
Table 1.1: Silt content and optimum moisture content o f PEP soils
PEP category Silt content 
(%passing 
through #200 
sieve)
Optimum 
moisture 
content(% by 
dry weight)
HIGH 
M ODERATE HIGH 
M ODERATE LOW 
LOW 
SLIGHT
> 5 0
3 0 - 8 0  
15 - 30 
0- 15 
not available
> 11 
0-11 
0-11 
0 -20
not available
(Source: Modified from Clark County, 2003)
The soil classifications are incorporated into a base map (Figure 3.1) that is used to 
identify soil characteristics and required dust control measures prior to start of 
construction activity. Some general dust control practices for each soil type have also 
been proposed [MacDougall et al., 2001]. For example, the use o f surfactant' with water 
was incorporated into dust control measures for soils in the High PEP category. By 
mixing a surfactant with the water before it is applied to the soil, less water is required for 
the same amount o f control and the water penetrates into the soil more readily.
' Surfactant: A surfactant is a compound or element that reduces surface tension o f a 
liquid.
R eproduced  with perm ission o f the copyright owner. Further reproduction prohibited without perm ission.
To reduce emissions from Moderate Low PEP soils, a tackifier^ is used along with 
w ater to control dust emissions.
The Low PEP soils have low silt contents, due to which, they cannot retain large 
quantities of water. D ust control measures for the Low PEP soil category were modified 
to omit the use of large quantities of water for some of the activities such as back filling 
and truck loading. M oist soils are mixed with dry soil while back filling and dust 
palliatives are used during truck loadings [MacDougall et al., 2001].
1.3 Current practices in construction industry
In the construction industry, water application is the most common method for 
reducing PM-10 emissions. Common practice for dust control involves usage of water 
trucks to spray water on haul roads, material stock piles, excavation or grading activities, 
and on vacant lands.
W ater is also used to maintain optimum soil moisture content so that soil may be 
properly compacted before building foundations are emplaced. Soils with particle sizes 
that do not become airborne easily generally take less water to compact and to control. 
The percent of moisture necessary to compact soils indicates the physical properties of 
the soil that allow the particles in the soil to adhere together. Typically soils in Clark 
County reach maximum compaction value at moisture levels ranging from 3 % to 20% 
moisture content (by weight) , with the majority of soils requiring less than 15% moisture 
content (by weight) for optimum compaction [MacDougall et al., 2001].
 ̂ Tackifier: A tackifier is a substance mixed with water that binds together mulches and 
small particles thereby avoids forming a hard crust.
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1.4 Need to improve methods
Although fugitive dust associated with construction activities represents a substantial 
portion of the particulate matter emissions inventory in non-attainment areas, the 
potential of construction sites to emit PM -10 has not yet been well characterized by rapid 
sampling methods.
To date, field methods have not been available to allow rapid determination of
>  Optimum wetting frequency needed to maintain control of dust.
>  Effect of infiltration aids on the infiltration rates into soils.
The factors that determine the optimum wetting frequency are stated as
1. Relationship between soil moisture and potential to emit PM-10
2. Relationship between soil moisture and time (drying rate)
3. Potential of newly re-crusted soils to emit PM-10
Based on the need to develop field test methods, the proposed research objectives of this 
thesis are:
1. To develop methods for rapid field assessment of soil moisture content.
2. To develop field methods for assessing potential of a disturbed soil to emit wind­
blown PM-10 as a function of moisture content.
3. To develop field methods for assessing potential of a soil to emit PM-10 during 
excavation operations.
4. To develop rapid field methods for assessing infiltration capacity of soils.
5. To determine if the current soil classification methods are adequate predictors of 
potential to emit wind blown or abraded PM-10.
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6. To determine soil sealing and crust formation properties of the different soils on 
the Las Vegas Valley and study the variation in this phenomenon with the PEP 
classification.
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C H A P T E R  2
BACKGROUND AND LITERATURE REVIEW
Fugitive dust is a type of non-point source air pollution consisting of particulate 
matter that does not originate from a specific point such as a stack or a vent pipe [Davis, 
2002]. It may originate in small quantities over large areas. Significant sources of fugitive 
dust include [Davis 2002, and Cowherd et al, 1990].
• Point sources: Manufacturing and power plants, factories and industries.
• Mobile sources: These include emissions from vehicles on paved and unpaved 
roads and airports
• Natural sources: Agricultural and vacant lands (both disturbed and undisturbed), 
and wind erosion.
• Other sources: Construction activities like land clearing and earth moving 
operations, excavation, grading, crushing, blasting, track out and stock piles etc.
The U.S.EPA classifies particulate matter as one of six principal air pollutants. The 
other five are carbon monoxide, lead, nitrogen dioxide, and ozone and sulfur dioxide 
[Official website of Dept, of Air Quality Management Retrieved on 23'̂ ‘̂ Oct, 2004]. In 
Southern Nevada, the two largest sources that contribute to particulate matter through 
fugitive dust are wind erosion from vacant lands (36%), and construction activities (27%) 
(Fig LI).
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R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Wind erosion from vacant lands occurs by three phenomena:
1. Soil transport by surface creep,
2. Saltation, and
3. Suspension.
Definitions o f these phenomena, the particle sizes that are affected and the percentage 
soil loss due to each phenomenon are explained in Table 2.1 [Rosbury, 1985].
Table 2.1 : Phenomena o f wind erosion
Type of 
phenomenon
Definition Particle size % of soil loss due 
to phenomenon
Surface creep
Saltation
Suspension
Rolling or sliding movement of 
particles across a surface 
Hopping and bouncing 
movement o f particle.
Particle agglomerates break and 
get suspended in air.
1000pm 
80- 1000pm 
<80pm
(includes PM -10)
5-25%
50-75%
30-40%
(Source: Modified from U.S.EPA, Rosbury, 1985)
High wind speeds provide the energy needed to suspend loose particles from a 
surface; turbulence associated with these winds mixes the particles up into the 
atmosphere, where, they can be transported over long distances [Davis, 2002]. The 
minimum wind speed that is needed to move the particles from the surface is called the 
threshold friction velocity. Typical threshold friction velocities, near the soil surface 
range from 0.19 to 1.82 m/s for soils depending on the degree o f disturbance [Davis, 
2002]. However, large increments in PM -10 concentration are not observed until wind 
speeds at 10m exceed 7m/sec. Fig 2.1 shows the average PM -10 emission factors 
classified by wind speed on stable and unstable surfaces in Las Vegas, Nevada [James,
11
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classified by wind speed on stable and unstable surfaces in Las Vegas, Nevada [James, 
2001]. Average emission factors typically range from 0.001 to 0.01 ton/acre/hr, in winds 
less than 50 mph.
0.06 -r
0.05
0.04
0.03 --
0.02  - -
0 .01  - -
17.5 22.5 27.5 32.5 37.5 42.5 47.5 52.5 57.5 62.5
wind speed range m idpoints (mph)
Fig 2.1(a): PM -10 emission factors on unstable surfaces
0.06 j
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Ë
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c
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y
g 0 4 1 "
0 - - I ■  I *  1 g - l
17.5 22.5 27.5 32.5 37.5 42.5 47.5 52.5 57.5 62.5 
wind speed range midpoints (mph)
Fig 2.1(b): PM -10 emission factors on stable surfaces 
[Source: Reproduced with permission from James D., 2001]
Most construction activities such as, grading, excavation, crushing, land clearing 
and earth moving operations, result in the exposure of highly disturbed surfaces, due to
12
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the removal of the natural crusted surface. The outcome of these activities is agitation of 
particles at the soil surface, thereby resulting in their suspension in air. To keep these 
particles adhered to the soil, surface watering is the most common solution. Davis [2002] 
states that, water adhering to soil particles increases surface tension forces and 
agglomerates small particles together, thereby decreasing suspension and transport. 
Cohesion of wetted particles often persists due to the formation of aggregates and surface 
crusts (formed due to retaining of moisture content), even after the water has evaporated 
[Davis, 2002]. The crusting phenomenon is the reason for the reduced emissions of PM- 
10 from vacant lands, even long after wetting. It was found that, the addition of sufficient 
water to increase the surface moisture content (by weight) from 0.59% to 2%  can achieve 
greater than 86% reduction in PM -10 emissions [Davis, 2002]. U.S.EPA AP-42 states 
that minimum moisture content ranging between 1.5% and 4.0 % (by weight) does not 
generate appreciable particulate emissions [U.S.EPA, 1985].
Dust emissions that contribute to PM -10 can be prevented or controlled in four basic 
ways [OSHA, 2004].
• Limiting the sources: Limiting the creation and presence of the sources of dust, by 
combining two or more work places together, so that, dust is not produced at more 
than one location.
• Wet dust suppression: W et dust suppression techniques use water sprays to wet the 
material so that it generates less dust.
• Capturing and removing dust from its sources: Dust collection systems use 
ventilation principles to capture the dust-filled air stream and carry it away from the 
source through duct work to a collector.
13
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
• Binding dust particles together: This method also uses the water spray technique, 
but here, the airborne dust particles are sprayed with atomized water. When the dust 
particles collide with the water droplets, agglomerates are formed which become 
too heavy to remain airborne and settle [OSHA, 2004].
2.1 Real time Field measurements of PM -10
The TSl DustTrak™  aerosol monitor has been used in a portable wind tunnel to 
monitor PM -10 emissions from three categories of vacant lands in Las Vegas Valley. 
[James et al 2001]. The PM -10 emission factors for stable, unstable and chemically 
stabilized lands were calculated. The TSl readings were taken every second, and 
integrated to determine average values over the run time period. The average PM -10 
emission factors were found to be 5 x 10  ̂ ton/acre/hour for unstable, 2 x 10'^ 
ton/acre/hour for stable, and 2 x 10'"* ton/acre/hour for chemically stabilized lands.
The effectiveness of local exhaust ventilation (LEV) and water-spray systems in 
control of respirable dust and crystalline silica, during the break-up of a reinforced 
concrete pavement, with a jackhamm er was evaluated by Echt et al [2003]. Reduction in 
the respirable dust of the construction worker was measured in real time using the TSl 
DustTrak™  aerosol monitor connected via flexible tubing to the breathing zone of the 
worker. Each real time measurement lasted for 10 minutes. Geometric means and 
geometric standard deviations were calculated for the data obtained. The study 
demonstrated that a water- spray control using a readily available nozzle achieved 70- 
90% reductions in respirable dust, while the LEV systems achieved 50-60 % reduction.
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2.2 Emissions during Construction Activity
Fugitive dust from construction activities contributes a large portion of the airborne 
particulate matter (PM) in many areas of the United States. Projects sponsored by the 
U.S. Environmental Protection Agency, study the amount of dust generated by the 
present construction operations and the effectiveness of control measures applied. 
Muleski and Page [2001] characterized the PM -10 and PM- 2.5 emissions from paved 
roads that are impacted by the mud and dirt track out from nearby construction sites. The 
field tests were conducted under dry, summertime conditions. The results showed that the 
average PM -10 emission factor obtained was comparable to prior EPA guidance 
specifications, while the PM-2.5 emission factor was far lower than the specified values 
[Muleski and Page, 2001].
The major sources of the/ugitive airborne dust in California’s San Joaquin Valley 
that contribute to a large fraction of PM -10, are identified as agricultural activities, 
construction sites, paved and unpaved roads wind erosion [Carvacho et al 2001]. A dust 
resuspension chamber was developed to measure a defined index for PM -10 dust 
production from the San Joaquin Valley. A relationship was developed between the 
measured PM -10 index % of sand, % of silt and clay calculated based on the soil wet 
sieving technique.
A semi empirical model was developed in by Lee, Tang and Chang [2001] to 
model fugitive dust emissions from construction sand and gravel processing plants. This 
model was developed with actual dust emission data. Total Suspended Particulate (TSP) 
emissions are predicted from four on-site operating parameters. Wind speed, soil 
moisture, soil silt content, and number of trucks, were all measured at a construction sand
15
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and gravel processing plant. On the basis of the on-site measured data and a nonlinear 
regression program, the expression of this model was given as [Lee, et al 2001]
E  (2.1)
W here, E = dust emitted per amount of gravel and sand produced. (Kg/ton) 
u = wind speed (m/s)
M = soil moisture content (%weight) 
s = silt content (passing # 200 mesh)
N  = number of trucks
The contribution to PM -10 from fugitive dust, motor vehicle exhaust, residential 
wood combustion, and secondary aerosol sources in Las Vegas Valley was studied by 
Chow et al [1999]. Five week-long intensive studies were conducted over a region at 29 
locations that contained many construction projects emitting fugitive dust. It was found 
that fugitive dust accounted for more than 84% of PM -10, while motor vehicle exhaust 
accounted for 3-9% of the PM -10 in the Las Vegas Valley. The temporal variations in 
P M -10 concentration at commercial, residential and vacant lands were mainly due to 
meteorological factors such as high winds and dust devils. However, temporal variations 
of PM -10 concentrations near specific types of industrial sources and construction sites 
were dominated by local fugitive dust sources, irrespective of changes in meteorology. 
The studies showed that the zone of influence around the construction sites was limited to 
less than 0.75km, but still, such sources might be a primary focus of PM -10 remediation 
efforts [Chow, et al 1999].
16
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2.3 Surface seals and Crust Formation on Soils
A surface seal is a barrier, formed on the soil surfaces, as a result of physical 
disintegration of soil aggregates and their compaction, caused by the impact of water 
spray, which might be due to natural sources or man-made sources. These surface seals 
hinder the infiltration rates into soils to a large extent. A stronger seal, formed on the 
surfaces, ranging in thickness from a few millimeters to a few centimeters, is called a 
“crust” . This is much more compact than the underlying material. These crusts are 
formed by three processes:
• Physical disintegration of soil aggregates and their compaction,
• Chemical dispersion of the clay particles.
• An interface suction force that arranges suspended clay particles into a continuous 
dense layer [Viessman and Lewis, 2003].
2.4 Fffect of Surface sealing and crust formation on emission potential
It has been observed [Rice et al, 1996] that saltating particles increased the rate of 
dust release from sediments in arid and semi-arid areas. These particles break the inter 
particle bonds in aggregated and crusted soils, thereby increasing the number of particles 
available for entrainment. A coirelation was developed by Rice and et al [1996] between 
the rates of erosion and the flux of saltating grains for three crusted sediments of different 
strengths. Results showed that dis lodgement of surface particles decreases with 
increasing crust strength; i.e., the higher the crust strength, the lower the dust emissions 
produced from that soil surface.
17
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Elementary processes of soil-water interaction control a number of phenomena that 
occur at the soil surfaces. Especially, processes involving wetting of soil by rainfall, 
cause particle break down, leading to soil detachment and crust formation, which are 
critical factors in erosion. Greene and Hairsine [2004] discussed the factors associated 
with the two basic processes of soil structural breakdown, i.e. slaking and dispersion, and 
how these processes are critical in particle detachment, transport and surface crust 
formation. Their paper reviews the studies that emphasize soil physics, soil chemistry and 
erosion mechanics, all of which are important factors that need to be used in developing 
management strategies to control erosion for a particular situation. [Greene and et al., 
2004]
Lado et al [2002] studied the effect of water wetting rate on seal formation. They 
analyzed the impact of clay content on the stability and slaking properties of the soils 
under different moisture conditions. The variation in sealing formation on soils differing 
in clay content was studied. It was found that the aggregate stability and slaking by fast 
wetting rate increased with an increase in clay content, i.e., the higher the clay content in 
soils, the higher was the wetting rate impact, thereby resulting in increased seal 
formation. In soils with lesser clay content, the water drop impact was enough to 
disintegrate the aggregates and sealing was not affected.
Countess et al [2002] found that disturbed surfaces produce much higher dust than 
undisturbed surfaces. This is because, undisturbed surfaces in general, require higher 
wind threshold speeds to emit dust. Surfaces with lower threshold velocities are more 
susceptible to dust emissions than those with higher threshold velocities. By disturbing
18
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the soil surface, with a shovel, the threshold velocity was lowered, resulting in increase of 
dust emissions.
The property of the soil to form surface seals and crusts largely influences the process 
of wind erosion [Singer and Shainberg, 2004]. The dry particle size distribution and 
particle organization determine the shear strength and threshold velocity necessary to 
initiate particle movement on the soil surface. The seals and crusts formed on the surfaces 
tend to decrease infiltration rate, which results in increased water flow over the soil 
surface.
2.5 Infiltration Rates
Infiltration rate is the velocity or speed at which water enters into the soil. It is usually 
measured by the depth (in inches) of the water layer that can enter the soil in one hour. 
The several factors that affect infiltration rates include rate and duration of water 
application, slope, landscape position, and topography [Oram, 2003]. The major factors 
that influence the infiltration rates are [NRCS, 1998]
• Soil Texture: The texture of soil (sand/ silt/ clay) affects the infiltration rates. For 
example, a sandy surface soil has normally higher infiltration rates than a clay 
surface soil.
• Crust: Soil crusts formed on the surfaces restrict the penetration of water into the 
soil. This is because; the crust is a layer of aggregates, forming a compact 
material, with lower porosity.
19
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•  Soil compaction: A compacted zone or an impervious layer close to the surface 
restricts the entry of water into the soil and tends to result in ponding on the 
surface.
•  Aggregation and structure: Stable strong aggregates in soils, which make the soil 
appear as granular or blocky soil structure, and soils which have smaller structural 
size have higher infiltration rates. On the other hand, soils that have weak, 
massive, or plate-like structure and soils that have a larger structural size show 
slower infiltration rates.
•  Moisture Content: Infiltration rates of the soils are highly affected by the content 
or amount of water in the soil. Dry soils have higher infiltration rates as the pores 
and cracks are open and they tend to take in more water. But, once the soil is wet, 
the pores are filled with water, and can accommodate no more water, hence, the 
infiltration rates decrease.
• Vegetative cover: Plant material, either dead or alive, in general, assists the 
process of infiltration. As the roots of the plant form conduits inside the soil, the 
water can penetrate more easily. Moreover, vegetation protects the soil aggregates 
from breaking down during the impact of raindrops.
• Porosity: Continuous pores that are connected to the surface are excellent 
conduits for the entry of water into the soil. Discontinuous pores may retard the 
flow of water because of the entrapment of air bubbles.
Soils are grouped as Hydrologie soil groups, depending on the State Soil Geologic 
(STATSGO) data set developed by National Resources Conservation Service (NRCS). 
Infiltration rate data are used as part of the classification scheme. Soils are grouped into
20
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four categories, A through D, with descending infiltration rates. (A = high infiltration, 
D = very slow infiltration). The characteristics of these soils groups are summarized in 
Table 2.2 [Viessman, 2003].
Table 2.2: Hydrologie Soil Group Definitions
Hydrologie Soil 
Group
Soil group characteristics
A
Soils having high infiltration rates, even when thoroughly 
wetted and consisting chiefly of deep, well to excessively- 
drained sands or gravels. These soils have a high rate of water 
transmission.
B
Soils having moderate infiltration rates when thoroughly wetted 
and consisting chiefly of moderately deep to deep, moderately 
fine to moderately coarse textures. These soils have a moderate 
rate of water transmission.
C
Soils having slow infiltration rates when thoroughly wetted and 
consisting chiefly of soils with a layer that impedes downward 
movement of water, or soils with moderately fine to fine texture. 
These soils have a slow rate of water transmission.
D
Soils having very slow infiltration rates when thoroughly wetted 
and consisting chiefly of clay soils with a high swelling 
potential, soils with a permanent high water table, soils with 
clay layer at or near the surface, and shallow soils. These soils 
have a very slow rate of water transmission.
2.6 Measurement of infiltration rates
The relationship between in situ steady state infiltration rate and some textural and 
structural soil properties were studied by Helalia [1993]. The results of H elalia’s field 
studies showed that, the correlations of textural variables (% clay and % silt) with 
infiltration rates were weaker compared to those with structural variables (total porosity, 
effective porosity, and bulk density). Statistical techniques, applied to improve the
21
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textural and structural correlations with infiltration rates, resulted in the finding that, 
effective porosity is the most strongly correlated variable to infiltration rate [Helalia, 
1993].
Seals formed at the soil surface during rainstorms reduced rain infiltration and caused 
runoff and erosion [Yu et al., 2003]. The effectiveness of Polyacrylamide (PAM) and 
gypsum on the infiltration rates, runoff and erosion was investigated. The two compounds 
individually showed positive effects in enhancing infiltration and reducing erosion 
respectively. Hence, applying PAM  mixed with gypsum was tested, which resulted in an 
increase of infiltration rates by four times and reduced erosion by 30%.
A majority of landscapes, natural or cultivated, are not leveled. Bodhinayake et al 
[2004] studied the feasibility of tension and double ring infiltrometers in determination of 
soil hydraulic properties in sloping landscapes, in Saskatchewan, Canada. The soils were 
created to represent different sloping levels as, 0, 7, 15, and 20%. The steady state 
infiltration rates, saturated and unsaturated hydraulic conductivity were measured at 
different slopes. The experimental and numerical results of this study resulted in the 
inference that, both tension and double-ring infiltrometers are suitable for characterizing 
the soil hydraulic properties in landscapes with slopes up to 20% [Bodhinayake et al., 
2004].
Soil erosion and water loss are the two major problems in semi arid and arid regions. 
Experiments were conducted by Tingwu et al (2003), on the feasibility of Polyacrylamide 
(PAM), a high molecular weight polymer, as an infiltration aid. It was found that, PAM, 
with high viscosity, effectively improves the soil surface structure, stabilizes the soil, 
increases infiltration rates, and thereby reduces soil erosion. It was observed that PAM
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forms bigger aggregates by cohering with the particles of soil at the surface and thereby 
halts the formation of crust. Thus, PAM was efficient in providing erosion control and 
benefiting infiltration.
2.7 Effectiveness of W ater in Controlling Dust
W ater is considered as a very effective dust suppressant. It is difficult to estimate the 
exact amount of water needed, as it varies with different factors such as type of soil, 
weather conditions, type of construction activity, duration of the activity, etc. In general, 
adequate water application is required to,
• Make roads and disturbed surfaces appear moist with minimal silt.
• Create a crusted soil surface so that is not easily disintegrated.
• Provide optimum soil moisture content for compaction.
•  Prevent visible dust plumes originating from wind erosion and construction 
activities from exceeding 20% opacity^ [ADOT, 2000].
Advantages of water:
• When applied regularly, water provides temporary stabilization to disturbed 
surface areas and reduces fugitive dust caused by earth moving and driving on 
non-stabilized surface areas. [ADOT, 2000]
• W ater aids in compaction.
^Opacity -  A condition of the ambient air, or any part thereof, in which an air 
contaminant partially or wholly obscures the view of an observer.
Disadvantages of water:
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•  W ater is the least expensive and most readily available dust suppressant.
•  Application of water results in dust control efficiencies as high as 90%.
•  W ater has the property to form a solution with chemical dust suppressants
•  W ater prevents dust only for a short period and should be applied at intervals of 
time.
• Overwatering may cause erosion and trackout onto paved roads [Cowherd, et al., 
1990].
• W ater cannot be applied when the temperature falls below freezing point [OSHA, 
2004].
Echt et al [2003] quantified the respirable dust exposure reduction with the use of 
water-spray attachment and LEV during concrete pavement breaking with jackhammers. 
W ater was sprayed at an application rate of 350ml/min on the jackhammers. It was 
reported that the use of water resulted in the greatest reduction with respect to no control 
applied, in respirable dust concentrations ranging up to 90% for real time sampling, 
compared to 60% achieved by LEV [Echt et al., 2003].
The effectiveness of water in controlling dust from construction sites under high wind 
conditions was tested at University of California, Riverside [Fitz and Bumiller, 2000]. 
The study focused on sampling of soil by a belly scraper at a landfill. Five PM -10 
samplers were placed at different locations both upwind and downwind of a stock pile. 
W ind speed and direction were measured on-site. Samples were collected for two 
periods, one with, and one without w ater being applied. The results showed that water 
applied at I.4gal/yard^, for 0.2- inch depth, was effective in reducing PM -10 up to 90% 
efficiency on unpaved surfaces at wind speeds ranging up to 18 m /sec [Fitz and
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Bumiller, 2000]. The soil moisture content of soil increased 3.5 times, when water was 
applied at a rate of 2.2 L/m^, for a 2 cm depth penetration on storage pile, resulting in an 
efficiency o f 83% [Fitz and Bumiller, 2000].
Throbe et al [1999] studied dust control systems for use with cut-off saws applied in 
cutting the materials used in the construction industry. Three systems -  wet dust 
suppression using mains water, wet dust suppression using water from a portable water 
tank, and LEV were used to evaluate the reductions in respirable silica, produced at 
construction working areas such as cutting the slabs, concrete edges. All the three control 
systems generally reduced respirable dust levels by at least 90%. The highest reduction of 
97% was achieved by the wet dust suppression using mains water, at an application rate 
of 0.50 L/min. However, further increase in the application rate to 1.0 L/min did not 
show further reduction in the dust [Throbe et al., 1999].
Effectiveness of water in controlling dust, on travel roads has been tested; and it 
was concluded that watering increases the moisture content, which agglomerates particles 
and reduces their likelihood to become suspended when vehicles pass over the surface 
[EPA CHIEF AP-42, Dec 2003]. The control efficiency depends on how fast the surface 
dries after water is added. This in turn depends on four factors:
(a) The amount (per unit surface area) of water added during each application;
(b) The period of time between applications;
(c) The weight, speed and number of vehicles traveling over the watered road 
during the period between applications; and
(d) Meteorological conditions (temperature, wind speed, cloud cover, etc.) that 
affect evaporation during the period. [EPA CHIEF AP-42, Dec 2003]
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The problems of wind borne fugitive dust are not unique to Clark County, Nevada. 
Many Southwestern counties such as Pima and Maricopa in Arizona, and San Joaquin, 
Los Angeles, San Bernardino and Riverside counties in California have the same 
regulatory issues. There are many Best Available Control Measures (BACM), and 
Reasonably Available Control Measures (RACM) developed by the different counties for 
control of fugitive dust. A combination of one or more control measures is usually 
recommended to assure compliance with the dust standards set by EPA. Of all the control 
measures, watering is considered as the most common and reliable control method, 
whether it is for land clearing, earth moving, storage piles, unpaved roads etc. 
Recommended or required applications of water for various construction activities, as 
specified in the management practices of different counties are shown in Table 2.3.
2.8 Soil Moisture Measurement
Moisture content of soils is important to estimate the compaction of the soil during 
construction activities. Moisture measured to determine the amount of water application 
in order to reach the required optimum compaction level. Construction quality is 
estimated partially by the moisture content held by compacted fills used during 
construction. For decades, moisture content for a variety of material types has been 
estimated by a gravimetric oven-drying technique -  developed by the American Society 
for Testing and Materials, ASTM  method-D2216 [Scavuzzo and Robert, 2000]. This 
method is also considered as the standard for the calibration of all other soil moisture 
determination techniques. Though this method ensures accurate measurements, the 
technique requires 12 hours to obtain results. In addition, this method needs the soil to be
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removed from the site and thus, makes it impossible to measure soil moisture at exactly 
the same point at a later time. [Zazueta and Xin, 1994]. Quicker, indirect ways of 
estimating soil-moisture content do exist. These include using:
1. Tensiometers
2. Gypsum blocks
3. A neutron probe
4. Time-domain reflectometry (TDR)
5. Frequency-domain probes [Devitt and Morris, 1997]
Table 2.4 describes the various moisture content measuring techniques, their working 
principles, and advantages and disadvantages.
Out of all the moisture measuring techniques, the TDR and the Neutron probe techniques 
are fast and reliable. These two techniques are very sensitive to the moisture content in 
the soil, compared to the other techniques, except for their very high costs for installation. 
As observed from the table, the oven- drying method is the most time consuming and 
labor intensive test.
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Jurisdiction BACM that require W ater Stage o f 
Work
Description Source
Pima Grading Before Application o f water by means o f trucks, hoses, 
and or sprinklers to the depth o f proposed cuts
Pima County 
Department o f
During and 
after
Application o f water at sufficient frequency and 
quantity to be in compliance with Title 17 of 
the Pima County code.
Environmental
Quality
(Retrieved on Nov
Unpaved roads During Sufficient quantities to keep the surface moist. 
Application frequency varies with soil type, 
weather conditions and amount o f vehicle 
traffic.
9̂ ,̂ 2004)
High winds Apply water at least hourly.
Storage piles During Application methods include spray bars, hoses, 
and water trucks. Application frequency varies 
with site-specific conditions.
High winds Apply water at least hourly
Disturbed
surfaces/inactive
Requires frequent applications unless a surface 
crust can be developed.
construction sites High winds Apply water at least three times a day
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Work
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Albuquerque Unpaved road Wet suppression AQCB, Title 20, 
Chapter 11, part 20 
(Retrieved on Nov 
l l ' \  2004)
Truck hauling bulk 
materials on public and 
private roadways
Using wet suppression to increase moisture 
content o f the bulk materials being hauled
Bulk material handling using wet suppression through manual or 
mechanical application
Industrial sites regularly using wet suppression on unpaved 
areas; increasing wet suppression applications 
before and during high wind conditions
Demolition and 
renovation activities
using constant wet suppression on the debris 
piles during demolition applied in required 
amounts and rates
Milling, grinding or 
cutting o f  paved or 
concrete surfaces
Using constant wet suppression
Pressure
blasting
operations
using
constant wet 
suppression
Active 
operations in 
construction 
areas
watering the 
site at the 
end o f each 
workday 
sufficient to 
stabilize the 
work area;
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W ork
Description Source
San Joaquin 
V alley
Wrecking equipment to 
raze or demolish 
buildings.
Before and 
during
Apply sufficient water to building exterior 
surfaces, unpaved surface areas where 
equipment will operate, and razed building 
materials to limit VDE to 20% opacity 
throughout the duration o f razing and 
demolition activities.
(VDE= Visible Dust Emissions)
San Joaquin Valley 
Unified Air Pollution 
Control District, Rule 
8021
[Amended 19^,2004] 
(Retrieved on Nov 
lU \  2004)
Construction, excavation, 
extraction, and 
earthmoving activities
After Apply water within 1 hour o f demolition to 
unpaved surfaces within 100 feet o f the 
demolished structure.
Before Pre-water site sufficient to limit VDE to 20% 
opacity.
During Apply water or chemical/organic 
stabilizers/suppressants to unpaved haul/access 
roads and unpaved vehicle/equipment traffic 
areas sufficient to limit VDE to 20% opacity 
and meet the conditions o f a stabilized unpaved 
road surface.
Temporary stabilization 
during periods of 
inactivity
Apply water or chemical/organic 
stabilizers/suppressants, sufficient to comply 
with the conditions o f a stabilized surface, 
(conditions o f a stabilized surface are defined in 
section 3.58 o f rule 8011)
Wind Generated Fugitive 
Dust Requirements
Continue operation o f water trucks/devices
when outdoor construction
excavation, extraction, and other earthmoving
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Maricopa
BACM that require Water
Grading
Trenching
Screening
For Unpaved Haul Roads 
/ Access Roads / 
Equipment Paths
Open storage piles
Disturbed Surface Areas
Earthmoving Operations 
on Disturbed Surface 
Areas 1 Acre or Larger
Open Areas and Vacant 
Lots
Outdoor conveyance of
Stage of 
Work
Before
During
Description
activities cease, unless unsafe to do so.
Apply water in sufficient quantity to maintain a 
moist surface using a water truck._____________
Water using a fine spray or mist.
M ist the material after it drops from the screen.
Apply water in sufficient quantity to maintain a 
moist surface on unpaved haul roads, access 
roads and equipment paths.
Do not apply excessive water since muddy 
conditions increase track-out.
If  the area is inaccessible to water trucks due to 
slope conditions or other safety factors, 
watering should be conducted with hoses or 
sprinkler systems.___________________________
Apply water to maintain soil moisture content 
at a minimum o f 12%.
Apply water to the soil surface until a crust is 
formed that will prevent wind erosion._______
Pre-water the work site to the depth o f cuts.
Apply water or another dust suppressant to the 
work area.
Water must be applied during earthmoving 
operations as well as prior to commencement of 
operations. _________________________________
Apply water effectively to form a crusted 
surface.
Apply water at the feed and/or intermediate
Source
ADOT, September, 
2000 Edition 
(Retrieved on Nov 
2004)
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Jurisdiction BACM that require Water Stage of 
Work
Description Source
aggregate material (belt 
conveyers, bucket, 
elevators etc)
points as needed to minimize visible emissions.
Transport o f aggregate 
material (trucks, front end 
loaders etc)
Spraying water to minimize visible emissions.
Solid waste handling
Wet suppression o f the material being 
transported.
Crushing, grinding, 
screening 
Crushing
Hauling Apply water as needed to minimize visible 
emissions.
Dumping W et suppression.
Pre-water material prior to loading into crusher
AQMD 
South coast 
Los Angeles 
(Eastern & 
Western) 
Orange, 
Riverside, 
San 
Bernardino
Cut and fill Before Apply water to crushed material to prevent dust 
plumes
South Coast Air 
Quality Management 
District. Rule 403 
Amended April 2, 
2004
(Retrieved on 
December 2"*̂ , 2004)
After Pre-water with sprinklers or water trucks and 
allow time for penetration
Demolition -  
mechanical/manual 
Disturbed surface areas
Before Use water trucks/pulls to water soils to depth of 
cut, prior to subsequent cuts
During Apply water in sufficient quantities to 
prevent the generation o f visible dust plumes
Earth-moving
activities
Apply water to all unstabilized disturbed areas 
3 times per a nominal day and 4 times during 
high wind events.
Before Apply water to soil not more than 15 minutes 
prior to moving.
Importing/exporting 
o f bulk materials 
Landscaping
Before W ater as necessary to prevent visible emissions 
from extending more than 100 feet beyond the 
active cut.
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Jurisdiction BACM that require Water Stage of 
Work
Description Source
During Provide water while loading and unloading 
to reduce visible dust plumes
Trenching Apply water to materials to stabilize and 
maintain surfaces in a crusted condition
Before Pre-watering o f soils prior to trenching
Truck loading 
Unpaved roads
Before For deep trenching activities, pre-trench to 18 
inches soak soils via the pre-trench and resume 
trenching. Wash mud and soils from equipment 
at the conclusion o f trenching activities to 
prevent crusting and drying o f soil on 
equipment
During Pre-water material prior to loading
Open storage piles Water all roads 3 times per normal 8 hour work 
day
Apply water to at least 80 percent o f  the surface 
area o f all open storage piles.
Back filling Water backfill material to maintain material 
moisture and to form crust.
Blasting Pre wet soil surfaces, where drills and other 
equipment are operated.
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Jurisdiction BACM that require W ater Stage o f 
Work
Description Source
Clark Crushing Before Apply water to form a crust on the soil 
immediately after blasting
Construction 
Activities Notebook- 
5, Jan 2001.After Pre wet soils where the equipment is operated. 
Pre wet material prior to loading into crusher
Trenching Before Presoak subsurface soils. Pre wet soils where 
the equipment is used
After Use water to form crust on the excavated soil. 
Wash the mud off the equipment to prevent 
crusting and drying o f soil on the equipment.
Demolition -  mechanical/ 
manual
Before Use water truck/pull to water soils to the depth 
o f cuts, prior to subsequent cuts.
Disturbed soil W ater area to maintain soil stability. Use water 
on wind erodible demolition debris during 
handling and after dumping
Landscaping Apply water to keep the soils stabilized or 
damp, or crusted.
Screening Apply water to keep the soil moist through out 
the earth moving activity.
Pre wet material up to at least 70% optimum 
moisture content.
Stock piles Before Apply water to stabilize screened material and 
surrounding area.
During/after Apply water to maintain optimum moisture 
content
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Moisture content 
measuring technique
Working Principle Disadvantages Advantages
ASTM - D 2216-98 Oven drying technique 1. Destructive test
2. Time consuming
3. Carmot be automated.
1. Accurate measurements.
2. Non dependency on soil type 
and salinity
3. Easy to calculate
Tensiometers M easures metric potential by 
capillary tension
1. Limited range o f 0 to -0.8 bar
2. Hystersis
3. Fragile to handle during 
installation
4. Needs frequent checks
1. Inexpensive
2. Works well in the saturated 
range.
3. Can be operated in frozen soil 
with ethylene glycol.
Gypsum blocks Measures soil moisture tension by 
the electrical conductivity o f the 
block
1. Each block requires individual 
calibration
2. Calibration is temporary
3. Provides inaccurate 
measurements
1. Inexpensive
Time-Domain 
reflectomer (TDR)
Reads the volumetric water 
content by measuring the dielectric 
constant o f the soil due to the 
propagation o f electromagnetic 
waves
1. costly 1. Independent o f  soil texture, 
temperature and salinity.
2. Can be automated
3. Long term in situ  measurements
Neutron probe Measures volumetric water 
content by emission o f neutrons 
from a radioactive source into the 
soil
1. Dependent on dry bulk density 
and salinity
2. Radiation hazard
3. Subject to electrical drift and 
failure
1. Non destructive
2. Water can be measured in any 
phase
3. Can obtain water profile in soil
Source: Consolidated from Zazueta S. F. and J. Xin. Apr, 1994
C H A P T E R  3
MATERIALS, TEST EQUIPMENT, AND METHODOLOGY
3.1 Site selection and Test descriptions
3.1.1 Site selection
All field experiments are conducted on 29 sites in and around the Las Vegas Valley. 
The number of sites on which the experiments are done vary as shown in Table 3.1:
Table 3.1: Classification of sites on PEP and Hydrologie soil groups
PEP category Hydrologie soil group
High -  6 sites A - 4 sites
Moderate High -  9 sites B - 17 sites
Moderate Low -  9 sites C - 2 sites
Low -  5 sites D -6 sites
A base map showing PEP group boundaries, developed by GES and Clark County 
[MacDougall et al, 2001], was used to overlay selected site locations and determine 
their PEP category. The goal of site selection was to select representative sites from 
each of the major hydrologie and PEP soil groups represented in the Las Vegas 
Valley. An exception was the Slight PEP group, which is inaccessible on steep slopes
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and rocky outcrops. The variability in the number of sites is due to the uneven spatial 
distribution of the different PEP category groups on the Valley (Fig 3.1). The white 
oval shaped dots represent the site locations on the map. Classification of the sites in 
the valley based on the Hydrologie soil groups is shown in Fig 1 in Appendix B. 
Table 3.2 shows the relationships among the visited sites, under both the soil 
classifications. Descriptions of the 29 sites are in Table 3.3. A summary of the tests 
performed on the different sites is presented in Appendix B -Table 1.
Table 3.2: Relationships among PEP and Hydrologie groups for visited sites
PEP Hydrologie soil groups
A B C D
High 4 2
M od high 7 2
Mod Low 2 4 3
Low 2 2 1
To determine the effectiveness of water in controlling dust emitted from different soil 
surfaces undergoing wind erosion or construction activity, five following 
experimental procedures were developed and tested.
3.1.2 Field measurement of PM -10 emissions
The objectives of the “P o o f’, “Scrape” and “Small W ind Tunnel” tests were to 
determine:
a. Feasibility of using simple test methods to estimate potential to emit PM -10 
from crusted and abraded dry soil surfaces.
b. Variations in dust emissions from the different types of dry soils, categorized 
based on their Particulate Emission Potentials (PEP).
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c. Effects of in situ drying on potential to emit PM-10.
nm m m  ■m
IB
B
High
Moderate High
Moderate Low  
Low
Slight
Fig 3.1: Soil types on Las Vegas Valley based on PEP
The white oval shaped dots represent the site locations on the map.(Source: Modified 
from Construction Activities Notebook-Il, Clark County Health District, Air Quality 
Division, version 1.0, January, 2001. Reproduced by permission)
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Table 3.3: Visited sites grouped under PEP and Hydrologie soil categories
PEP category/ 
Construction 
water site #
Hydrologie 
soil group CROSS STREETS
GPS
N-Latitude/
W-longitude
High
CWOOl B Windmill/Bermuda(SW) 36°.0430V115°.1543’
CW002 C W arm Springs/Amigo(SW) 36°.0486V1I5°.1504’
CW003 C Decatur/ Craig(NE) 36°.2384V115°.2081’
CW004 B Vegas Valley Dr/Hollywood(SE) 36°.1069V115°.0179’
CW005 B TV Blvd/Windmill(SW) 36°.0428V115°.1725’
CW006 B LV Blvd/Pebble(SW) 36°.0284’/115°.1721’
M oderate
High
CW007 D Windmill/Bermuda (NE) 36°.042r/115°.1552’
CW008 D Cactus/Bermuda(SE) 36°.0001V115°.1561’
CW009 B Spencer/Pebble(NE) 36°.0287’ /115°.1269’
CWOlO B Centennial/Losee(NE) 36°.2768’/115°.1164’
CW Oll B Lamb/B onanza(NE) 36°.1747’/115°.0797’
CW012 B Lamb/Sahara(NE) 36°.1447V115°.0851’
CW013 B Pecos /W ashington(SW) 36°.1805V115°.0980’
CW014 B Pecos /Owens(NW) 36°.3751V115°.1656’
CW015 B American Beauty/Hollywood(NE) 36°.1524V115°.0284’
M oderate
Low
CW016 B Sasualito/Palo Verde (NW) 36°.0257’/114°.963r
CW017 B Sunset/Boulder Highway (SE) 36°.0647V115°.0097’
CW018 D Rainbow/ S ahara(NE) 36°.1450V115°.2425’
CW019 A Vegas Dr/Rainbow(NE) 36°.1885’/115°.2405’
CW020 D Robindale/Cimarron (SW) 36°.0479V115°.270r
CW021 B Centennial/Hualapai(NW) 36°.2685V115°.3147’
CW022 B Kyle Canyon/US 95(NE) 36°.3356'/115°.3167’
CW023 A Jones/W arm Springs(SW) 36°.0562V115°.2250’
CW024 D Buffalo/W arm Springs(NW) 36°.0415V115°.2612’
Low
CW025 B Bonanza/Hollywood(SE) 36°.1730V115°.0257’
CW026 A Rainbow/W  indmill(SW) 36°.0415V115°.2437’
CW027 A T ropicana/Durango( SW) 36°.1141’/115°.2871’
CW028 D Hacienda/Durango(SW ) 36°.0889V115°.2803’
CW029 B Fort Apache/Lone Mountain(NW) 36°.2475V115°.2977’
CW refers to “Construction W ater’
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d. Feasibility of using simple test methods to evaluate the effect of water on PM- 
10 emissions from soil surfaces.
3.1.3 Laboratory Pie pan test
This test was developed to determine
a. The amount of water required to form a crust on the surface of soils.
b. Effect of applied water on crust strength, as measured by drop ball experiment, 
among the four PEP categories and the four Hydrologie soil groups.
3.1.4 Field Infiltration test
The objectives of the infiltration test were
a. To compare simple hand-made infiltrometer to the traditional standard double 
ring infiltrometer.
b. To estimate the variability of in situ infiltration rates among the different PEP 
categories and Hydrologie soil group categories.
3.2 Methodology for the Poof Test
3.2.1 Equipment
1. Airzooka™: The Airzooka™ is a single shot, elastic-powered air gun (Fig 3.2), 
originally developed as a toy that shoots a ball of air up to 40 ft (12.2m). It 
measures 11” L x 15 Vi' W  x 11” H (27.94cm x 39.37cm x 27.94 cm) 
[Airzooka™ Inc.2003]. The Airzooka™  operates by pulling back and suddenly 
releasing a shock- corded plastic membrane. By doing so - a pulse of air is sent 
hurtling at the target.
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2. DustTrak™  Aerosol M onitor Model 8520, TSI Incorporated: The DustTrak™ is 
a portable, battery-operated laser photometer, with a built-in data logger, that 
gives a real-time digital readout of PM-10 concentrations. The DustTrak™ can 
read PM-10 concentrations from 0.001 to 100 mg/m^ (0.1 to 10 pm). 
[Operations Manual, TSI DustTrak™, 2004]. It is factory calibrated against 
Arizona road dust.
Intended Piilse 
impact zone
A irzo o k a
TSI D ustrak
Fig 3.2: Poof test, PM -10 measurement using AirzookaTM  and DustTrak™
3. Kestrel® 4000 Pocket W eather Tracker: The Kestrel® 4000 Tracker is a hand 
held weather monitoring device that measures the major environmental 
conditions such as Barometric Pressure, Temperature, Relative Humidity, and 
Wind Speed. From these basic measurements, it can calculate and display other 
data, such as air density, altitude, wind chill, dew point, wet bulb temperature 
and Heat Index. It can store the data and recall up to 250 measurements, along
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with the date and time of storage.[Manual of Kestrel" 4000 weather Tracker, 
2004]
4. Stopwatch reading to 0.01 second.
5. 7- Gallon Plastic containers for transport and storage of Las Vegas Valley tap 
water.
6. Dynamax Moisture M eter type HH2: The HH2 moisture meter uses time 
domain reflectometry to read and display volumetric soil moisture 
measurements on a LCD panel. They can also be stored to memory for later 
download to a PC.[Delta -T devices,2004] (Fig 3.3)
7. Dynamax Theta Probe type ML2x - Soil Moisture Sensor: The Theta Probe type 
ML2x measures volumetric soil moisture content to within ±1%. The rods are 
2.36” X 0.118” (60mm x 3mm) diameter. Overall probe length and diameter are 
8.14” (207mm) and 1.57” (40mm) respectively. [Delta -T devices, 2004]. It 
uses the difference in dielectric constant among soil, air and water to give 
instantaneous readings of volumetric soil moisture content. (Fig 3.3)
'  "’ V ,
1 %
Fig 3.3: Theta Probe ML2X M oisture Sensor (top) and HH2 data logger(bottom)
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3.2.2 Description of the Poof test field procedure
1. An undisturbed plot with dimensions of 4ft x 4ft (1.3m x 1.3m) area is selected for 
the experiment.
2. The Airzooka™  and the DustTrak’*''̂  are mounted on two different ring stands and 
are placed on diagonally opposite comers of the square plot, the diagonal distance 
being 5.6ft (1.7m) (Fig 3.3). The DustTrak™  is mounted at a height of 
4.5”(11.43em). The height o f the Airzooka is 3.5ft ( 1.06m)
3. The Airzooka™  is shot manually to produce an air pulse. The membrane is pulled 
back to the maximum extension allowed and then released.(Fig 3.4) It is positioned 
at a specified angle, to obtain the maximum aim at a specific target point. The target 
point is approximately at 3.16ft (0.965m) horizontally from the base of the
Airzooka™ . The air pulse generated would disturb the soil surface, around the
target point thereby producing a dust emission.
4. The DustTrak™  records the PM -10 concentration from the dust pulse. The 
DustTrak™  was set to record PM-10 every second with a one second averaging 
time. Dust pulses usually lasted 1 to 3 seconds.
5. For consistency in the readings, the air pulse is generated every lO'*’ second to 
produce 10 shots in 1 minute and 40 seconds.
6. The same test procedure is repeated on seven different soil surface conditions:
a. Native (often crusted) surface
b. Dry, Scraped surface; The dry soil surface crust is broken up using a flat ended hand
held shovel to resemble the grading work on the construction sites.
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Fig 3.4; M echanism o f Airzooka™
c. M oist surface: The scraped soil surface is then wetted uniformly with 1.00 gal 
(3.78L) of water poured through a 6” (15.24cm) colander having 2mm X 2mm slots 
uniformly distributed on the bottom surface. W ater was poured from a height of 
approximately 1 meter and the colander was moved during the pour to cover the 
entire surface area. The colander was chosen to approximately simulate water droplet 
sizes from construction water trucks. The application time ranged from 25 to 28 
seconds. The amount of water to be sprayed resulted in an approximate depth of 0.1 
inches (0.254 cm) o f water on the specified plot. The volume of water necessary to 
attain the desired depth is calculated using
V = A X d, where
V = Volume of water (L)
A = Area of the plot (m^); and 
d = depth of water (m) 
d = 0.1 inches (0.0254m)
A  = 4ft X 4ft (lm /3.281ft)  ̂= 1.48m^
V = 0.00254m x 1.48 m^ x (lOOOL/lm^) = 3.78L
The nominal depth of 0.10” value corresponds to
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• About double the recommended depth of water application to stabilize unpaved
roads.
• The approximate applied depth inside the track"  ̂o f a 4000 gallon water truck fitted
with rear 180° fan sprays [Paul, 2004].
d. The “p o o f’ experiment is repeated on the wetted soil surface after drying intervals 
of 5 min, 15 min, 30min and 60 min.
7. All drying tests were conducted in summer at average air temperature of 90.2°F 
(30.3°C). Air temperatures ranged from 75.2- 105.2°F (24-40.6°C), with relative 
humidity of 12- 25%, under wind speeds of 4.7 -16.7 mph (2.1-7.5m/sec). Ambient 
conditions recorded at each site are tabulated in Table 3.3
8. The Kestrel® 4000 pocket weather tracker records the wind velocity. The wind
velocity helps in identifying the air pulses that are offset from the target, and such 
runs are repeated.
Fig 3.5; Theta Probe M L2X Moisture Sensor Probe embedded in soil
track: Soil surface area in between the tires of the truck that gets wetted by the rear 
water sprays as the truck moves forward
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9. The volumetric soil moisture readings are recorded with the Dynamax type HH2 
moisture meter and Dynamax Theta Probe type ML2x on all the surface conditions. 
(Fig 3.5)
3.2.3 Data Manipulations
Data for the Poof test are recorded, every second, on Log 1 mode of the TSI DustTrak™. 
The Airzooka™  is operated ten times once every 10 seconds, for a total time of 110 
seconds, on each surface condition. Thus, the TSI records a total of 110 data points on 
each surface condition. The TSI data obtained is analyzed as explained below;
1. TSI DustTrak™  is set to record data points for every 1 second, with a time constant 
of 1 second.
2. Airzooka™  is fired every 10 sec 10 data points recorded for each pulse
3. After 10 seconds of baseline data, the Airzooka™  is fired 10 times -> Total data 
points recorded by DustTrak'^^ -110
4. The 110 data points are filtered for values >= 0.1 mg/m^. Atmospheric background 
PM-10 is typically 0.030 -  0.050 mg/m^ (Table 4.1).
5. Geometric mean values are calculated for the filtered data for each soil surface 
condition.
6. The soil surface condition is changed by modifying the soil surface as described 
earlier in the poof test procedure. Then Steps 1 through 5 are repeated to generate 
for every test condition
7. The geometric mean values for each surface condition are tabulated by PEP 
category.
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8. O ne way analysis of variance (ANOVA) is carried out to see if there are significant 
differences across either PEP categories or surface conditions.
Table 3.4: Ambient conditions recorded at each test site
S ite # Air
Temp(°C)
W ind
Speed
(m/sec)
Relative
Humidity
(%)
Soil
moisture
(%vol)
Evaporation
rates
(vol%/min)
High
CWOOl
33.5 4.5 12.3 1.5 0.12
CW002
28.7 3.7 13.4 3.5 0.12
CW003
38.5 4.1 11.8 2.2 0.10
CW004
32.4 5.2 13.5 4.6 0.37
CW005
34.1 4.0 12.7 1.7 0.33
CW006
40.0 3.8 11.5 2.8 0.23
M oderate
High
CW007
37.2 5.5 12.2 2.6 0.26
CW008
36.7 4.3 12.6 2.8 0.35
CW009
35.9 6.1 12.3 2.9 0.44
CWOlO
31.6 3.2 13.5 4.2 0.27
CW O ll
36.3 5.3 14.1 1.50 0.12
CW012
38.9 4.8 11.3 3.0 0.13
CW013
37.1 3.9 13.5 1.4 0.53
CW014
32.5 4.0 12.7 2.8 0.33
CW015
33.7 4.8 13.2 3.1 0.33
47
R eproduced with perm ission o f the copyright owner. Further reproduction prohibited wrwithout perm ission.
Table 3.4: Ambient conditions recorded at each test site (Continued)
S ite # Air
Temp(°C)
Wind
Speed
(m/sec)
Relative
Humidity
(%)
Soil
moisture
(%vol)
Evaporation
rates
(vol%/min)
M oderate
Low
CW 016
35.4 4.3 12.6 1.2 0.56
CW017
33.2 5.6 11.3 1.5 0.16
CW018
36.2 5.2 12.8 2.0 0.15
CW019
38.1 5.7 12.1 1.8 0.18
CW020
37.3 4.8 10.5 4.4 0.14
CW021
39.3 3.7 13.4 1.8 0.43
CW022
33.2 4.1 14.1 2.3 0.32
CW023
35.1 4.4 12.4 4.4 0.09
CW024
29.7 5.4 13.6 4.8 0.54
Low
CW025
38.7 5.5 13.8 1.7 0.31
CW026
36.5 6.0 14.0 7.1 0.65
CW027
33.1 3.7 12.5 6.5 0.17
CW028
27.5 4.5 13.2 1.5 0.50
CW029
38.4 4.3 11.3 4.6 0.15
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3.3 M ethodology for the Scrape Test
3.3.1 Equipment
1. Long handled 48” (1.2 m) Square shovel: A regular 9-inch (22.8cm) wide shovel is 
connected to the DustTrak™  M onitor with HA'  ̂ inch (0.635cm) PVC tubing. The 
sampling port is pointed towards the soil surface. (Fig 3.6) at a 7.7” (19.5cm) 
distance from the flat edge of the shovel.
2. A 20 lb (9.07kg) cast-iron weight was attached to the shovel.
3. DustTrak™  Aerosol M onitor Model 8520.
4. Stopwatch and lOL of water.
5. Dynamax Moisture M eter type HH2
6. Dynamax Theta Probe type ML2x - Soil Moisture Sensor.
Sampling
Port
Fig 3.6: Sampling Port Pointing Downwards
3.3.2 Description of the Procedure
1. A 10 ft X 4 ft (3.04 m x 1.3m) undisturbed plot, is laid out for the experiment. 
Volumetric moisture content on the dry surface is measured. The shovel is dragged 
manually in 5 runs over the plot along the 10ft length. (Fig 3.7) As the shovel is 9
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inches wide, the 4-foot width of the plot accommodates for five drag runs (5x9” = 
45’). Each run is completed in approximately 13 ± 4 sec, for drag rates ranging from
0.59 to 1.11 ft/sec.
2. The scraped soil surface is wetted uniformly with 2.50gal (9.44L) of water using a 6- 
inch colander, to develop an approximate depth of 0.1” of water. Application time 
ranged from 58- 60 seconds. The volume of water necessary to attain the desired 
depth is calculated using
V = A X d, where V = Volume of water (L);
A = area of the plot (m^); and
d = depth of water (m). 
d = 0.1 inches (0.254 cm)
A = 10 X 4 ft^ = 5760 inch^ x (lm /3.281ft)^ = 3 .7Im^
V = 0.00254m x 3.71 m^ x (lOOOL/lm^) = 9.44 L
3. The scrape experiment is repeated 5 minutes after application of 0.25cm of water.
4. Volumetric moisture content is recorded on the wet condition also.
3.3.3 Data Manipulations
Data for the scrape test are recorded, every second, on Log 1 mode of the TSI 
DustTrak™. The shovel is dragged 5 times on each surface, with the run time being 13 ± 
4 seconds for each run. Thus, TSI DustTrak™  records 50 data points on average for each 
dry/wet run.
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r
Fig 3.7: scrape test, on a wet surface, shovel being dragged along 10ft side
The data obtained is analyzed as explained below:
1. TSI DustTrak™  records data points->for every 1 second.
2. Each run lasts for 9-17 seconds -> 9-17 data points recorded in that time.
3. Shovel operated for 5 runs 45-85 {5x (9-17)} data points recorded by TSI 
DustTrak™.
4. All the data points filtered for values >= 0.1 mg/m^ to eliminate ambient PM-10 
background.
5. Geometric mean and 95% confidence limits are calculated for each run’s filtered data.
6. The numerical values on the wet surface are also analyzed in the same manner.
7. The geometric mean values are classified by PEP category and surface condition.
8. One way ANOVAs are calculated to compare the average PM-10 concentrations 
across the PEP groups and across the dry and wet surface conditions.
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3.4 M ethodology for the Small Wind Tunnel Test
3.4.1 Equipm ent
1. A Portable wind tunnel developed in 2002 by Environmental Quality Management. 
(Fig 3.8).The tunnel has a 15 cm wide x 15cm high (6” x6”) working section that is 
61cm (24 inches) long. Air is blown through the working section from right to left 
(Fig 3.8). The tunnel can be set to one of the three speeds 6.1m/sec, 9.9m/sec, 16.7 
m/sec corresponding to the 10 meter velocities, assuming 0.50cm roughness height.
2. Battery-12VDC,35Amp
3. Cables with positive and negative terminals
4. DustTrak™  Aerosol M onitor Model 8520.
5. Stopwatch and 5L of water.
7. Dynamax M oisture Meter type HH2
6. Dynamax Theta Probe type ML2X - Soil Moisture Sensor
3.4.2 Description o f the procedure
1. A 4ft X 4ft (1.3m x l.3m ) undisturbed plot is chosen for the experiment.
2. The small wind tunnel is placed on one com er of the plot, and the DustTrak™  is 
placed on the flat surface of the tunnel working section.(Fig 3.8)
3. The tunnel working section of the device is sealed to the soil surfaee using sand bags 
of 7” (17.78cm) diameter and closed cell foam insulation to minimize leakage of air 
(Fig 3.9)
4. The tunnel working section extended over a length of 2ft (0.609m) with a width of
0.5ft (0.15m). Hence the floor area of the wind tunnel is 1.00 ft^ (0.092m^).
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5. The DustTrak™  is connected to a 0.625cm (0.25”) PVC tubing. The tubing is 
positioned in such a way that the sampling port is approximately at the center of the 
working section, at a height of approximately 10.4cm from the ground, to collect the 
dust emitted in the tunnel. (Fig 3.9)
6. The flow rate(Q) in the tubing of the DustTrak™  =1.7L/min = 2.8E-05 m^/sec 
The cross sectional area o f the sampling tube (A) = 7i/4 x d^
Where, d =  diameter of the sampling nozzle = 1/4*'' inch = 0.00635 m 
A = (ti/4)* (0.00635m)  ̂= 3.16E-05 m^
Hence the sampling velocity of the DustTrak™  in the tubing is measured as 
U = Q/A = 2.8E-05 /  3.16E-05 = 0.88 m/sec.
This sampling velocity is less than the average velocities of the tunnel at it’s three 
speed settings, and hence this is sub-isokinetic.
Fig 3.8; Small W ind tunnel Connected to DustTrak™  and Battery 
7. The wind tunnel runs on the power from a 35Amp, 12VDC lead-acid battery.
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8. The tunnel runs at three different speeds each in an interval of 1 min 40 sec. This way, 
the device runs for a total span of 5 minutes, with the speeds being changed at 1.67min 
and 3.30 min intervals.
9. The three 10m equivalent wind speeds are 6.1 m/sec (13.7mph), 9.9 m/sec (22.2mph), 
and 16.7m/sec (37.4mph), adjusted for an average aerodynamic roughness height of
O.SOem. [EQM, User manual, 2003]. The average speeds at the actual working section 
are 2.86, 4.64, and 8.29 m/sec respectively.
10. After field work was completed, wind tunnel speeds at six positions were measured in 
the laboratory, on a smooth surfaeed bench, using a telescoping stainless steel Pitot 
tube, model #166T [Dwyer Instruments Inc.,Catalog 2003] and a TSI Incorporated DP 
-calc™  M icromanometer , model # 8705.[TSI catalog. Model #8705,2003]
11. The three W ind tunnel speeds are tabulated against the observed speeds at six positions 
of the sampling tube from the ground (Table 3.4). “Ground” in this case is a smooth 
laboratory bench top.
12. The DustTrak™  recorded the PM-10 concentrations, on a 1-second logging interval. 
PM -10 concentrations were averaged over a 5-min time interval with wind speeds 
stepped up from Low to M edium to High, every Imin and 40 seconds.
13. This test is carried out on seven different soil surface conditions.
a. Dry- crusted soil surface is tested as found.
b. Dry-seraped surface: The soil surface is disturbed using a hand held shovel to resemble
the grading work on the construction sites.
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Table 3.5; Observed Average speeds in m/sec and standard deviations at six heights in
the tunnel working section
Speed setting Low Medium High
Equivalent 10m 
wind speed (m/sec), 
from EQM  manual 6.1 9.9 16.7
13cm from ground 3.27±0.05
(n= l)
5.16±0.04
(n=l)
9.02±0.05
(n=l)
10cm from ground 3.08±0.05
(n= l)
5±0.13
(n=l)
8.85+0.03
(n=l)
8cm from ground 2.97±0.33
(n= l)
4.92±0.06
(n=l)
8.63±0.03
(n=l)
4cm from ground 2.81 ±0.03 
(n= l)
4.44±0.04
(n=l)
7.93±0.04
(n=l)
2cm from ground 2.63±0.04
(n= l)
4.25+0.06
(n=l)
7.75+0.04
(n=l)
1cm from ground 2.41 ±0.05 
(n=l)
4.10±0.03
(n=l)
7.60±0.06
(n=l)
c. 5, 15, 30, and 60 minutes after wetting: The soil surface is wetted uniformly with 
(Igal) 3.78L o f water using a colander, to develop an applied depth of 0.1 
inches(0.254cm) of water on the specified plot. The volume of water necessary to 
attain the desired depth is calculated using 
Depth of water = 0.1 inches (0.254cm)
Area of plot = 4 x 4 ft^ = 16ft^ = 1.49m^
Volume of water = 0.00254m x 1.49m^ = 3.78 L
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Fig 3.9: The Sampling Port in the Centre of the Tunnel
3.4.3 Small EQM W ind tunnel Data Manipulations.
The wind tunnel is run for 5 minutes and the TSI DustTrak™  records the PM-10 
concentration on Log 3 mode. On Log 3 mode the TSI DustTrak™  records data 
continuously for 5 minutes, logging data points instantaneously every second, then shuts 
off.
1. TSI DustTrak™ records data p o in ts^ fo r  every 1 second.
2. W ind tunnel runs for 1.67 minutes on each speed total run time for 3 speeds— 5 
minutes, (300 seconds).
3. W ind tunnel runs for 300 sec 300 data points recorded by TSI DustTrak™.
4. 300 data points filtered for values >= 0.1 mg/m^
5. Geometric mean values are calculated for each filtered data set.
6. The same procedure is repeated to analyze the data for every condition at each site.
7. Then the data sets are classified based on PEP category and surface condition.
8. One way analysis of variance calculations are performed to see if there are 
significant differences across either PEP categories or surface conditions.
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3.5 Methodology for the Drop ball test on Pie pans
3.5.1 Equipment
1. Pie pans -F ive: Regular 7” (17.78cm) in diameter and 3.0” (7.62) inch deep 
aluminum pie pans are used to fill with soil samples. (Fig 4.18, Comparison of Low 
and Moderate High Soils)
2. Stainless steel balls (6) —5/8” (1.58cm), in diameter, each weighing 10.323g
3. Ruler graduated in mm and 1/16'*’ inch increments, and 600ml of water.
4. 1” diameter schedule- 40 PVC pipe, 1 ft (0.3048m) in length.
5. Spray bottle
6. Depth gauge manufactured by the Tech-lab Inc.[Tech- lab Inc., 2003]: Measures the 
depth (in mm) of small cylinders, pipes etc., with the use of a sliding scale (Fig 
3.10), that reads to the nearest 1.00 mm.
7. Flectronic scale: Ohaus top loading balance. Model # E4000 with readability to
O.lgm, is employed. It can weigh masses up to 4000gm.
3.5.2 Description of the procedure
1. Weigh each of the five empty pie pans to 19.0 ± 0.2 gm.
2. Fill the pie pans to 3/4*'’ of their depth, (5.71 cm), with soil and re-weigh the pan
along with soil.
3. Measure the diameter of the pie pan on the surface of the soil using a ruler.
4. Calculate the surface area of the soil using the measured diameter.
5. Weigh the empty spray bottle.
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Fig 3.10: Depth Gauge
6. Calculate the volume of water to be sprayed (using the diameter and surface area), 
on each pie pan 1 through 5, to wet the surfaces of the soils in the pans, with
0.05”(0.127cm), 0.1 "(0.254cm), 0.15”(0.381cm), 0.20”(0.508cm), and
0.30”(0.762cm) respectively.
7. Fill the spray bottle with water to more than 75% of the volume, and reweigh the 
bottle with water.
8. Spray the soil surface with the spray bottle until it delivers the predetermined 
volume of water on each soil surface.
9. Leave the pans for 12 hours without disturbing at room temperature of 21.3°C and 
relative humidity of 22.5%. After 12hrs, drop the 5/8” (1.58cm) stainless steel ball 
through the 1 ft PVC pipe on to the surface o f the soil. Drop the ball 5 to 6 times on 
each pie pan.
10. Using the depth gauge, measure the depth of indentation made by the ball dropped 
on the surface. (Fig 3.11). If the ball does not sink into the surface, and, upon 
removing the ball, if the surface is not pulverized, so that loose grains are visible, 
then the surface can be said to have crusted. [Clark County, 2004].
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Fig 3.11; Sample Pan with Moderate Low soil, Crusted Surface with Cracks and pits
formed due to ball drop experiment
3.5.3 Data M anipulations
Sample calculations are shown below for the case, where the depth of water sprayed (D) 
is 0.127cm
1. W eight of empty pan = 120.4 gm
2. Weight o f empty pan + 3/4*’’ soil = 740.4gm
3. W eight o f soil = 740.4-120.4 = 620 gm
4. D iameter on the surface of soil (d) = 17.5 cm
5. Surface area of the soil (A) = ( ti/ 4 ) x  d^ = 240.5 cm^
6. Volume of water to be sprayed
= A X D = 240.5 X (0.127) = 30.5 xlO '^m ^x lO'’ ml/m^= 30.5ml
7. W eight of water to be sprayed
= Volume o f water x Specific weight of water 
= 30.5x 10^m^xl0^ = 30.5g
Where, Specific weight of water = 1000 kg/m^ = 10^ g/m^
The pit depths are measured in cm. Average o f 5 throws of the ball on each pan is 
calculated. The Arithmetic means of these averages for each PEP category are then
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calculated. ANOVA is run to find the significant differences among the amounts of water 
sprayed and the PEP categories respectively. D uncan’s multiple range test was conducted 
to identify which depths of water sprayed are significantly different from others. 
Student’s two sample t- test was conducted to identify which PEP groups are 
significantly different from others.
3.6 Methodology for the Infiltration Test
This test is conducted using two types of infiltration devices.
1. Standard 12 inch double ring infiltrometer from Turf-Tech Inc.
2. UNLV bucket & paint tin Infiltrometer assembly.
3.6.1 Equipment used for Standard double ring infiltrometer ring assembly;
1. Stopwatch, a ruler and 6L of water.
2. Double ring infiltrometer assembly; Each unit consists of 12”(30.48cm) outside 
diameter and 5"(12.7cm) inside diameter steel rings and a strong cross support brace for 
inserting rings into the soil (Fig 3.12). Infiltration rates are measured by determining drop in 
height of water surface in the inner ring, over a specified time. The outer ring makes the 
system a one dimensional model by forcing water in the centre ring to flow nearly 
exclusively straight down (Fig 3.13). Thus the need to account for lateral flow is avoided 
[Turf Tech International Inc.].
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Fig 3.12: Double Ring Infiltrometer
Infiltrom eter principle
r
Fig 3.13: Vertical Downward Flow from Inner Ring. (Source: Official website of SDEC- 
France, Scientific equipments. Eijkelkamp Agrisearch Equipment. Reprinted with
permission.)
It was found after several preliminary tests, that the standard Double ring infiltrometer 
was difficult to insert to the recommended depth in rocky desert soils. Moreover, forcing 
the double ring infiltrometer into the soil breaks the crust and disturbs gravels, thereby 
opening up gaps at the walls, resulting in water leaks. It was also found to be difficult to 
obtain uniform insertion depths because of interference from subsurface rocks.
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Because of these reasons, it was decided to develop a simpler infiltrometer that 
could seal to the soil surface instead o f being forced into the soil. It was also desired to 
construct an inexpensive, mechanically robust infiltrometer that could sustain rough or 
careless handling. With these objectives in mind, a single ring infiltrometer was designed 
and constructed from the following components.
3.6.2 Equipm ent used for UNLV Bucket & Paint tin Infiltrometer assembly
1. A 5 - gallon plastic paint bucket
2. One-gallon paint tin,
3. Closed cell foam weather seal, and gravel.
4. Stopwatch and 5L of water.
The bottom of a 5-gallon regular plastic paint bucket, 12.25” (31.11cm) in diameter, is 
cut to accommodate a 1-gallon paint tin, 6.62” (16.81 cm) in diameter whose bottom is 
completely cut out. The tin is sealed to the opening of the 5 gallon bucket to make a 
simple infiltrometer (Fig 3.14). The exterior of the plastic bucket is sealed to the soil with 
a closed cell rubber foam weather seal. Model # R516H, manufactured by the 
Thermawell’̂  Company. The dimensions are 1-1/4” wide x 7/16” thick (3.17cm x 
1.11cm) and 10ft (3.04m) long [Home Depot, 2004]. (Fig 3.14). The inner bucket is 
graduated on the sides in steps of 0.5” (1.27cm) to observe the decrease in water level. 
The outer space is filled with gravel of mean size (0.736inch^) 4.75cm^, and 1375 kg/m^ 
bulk density to a 7.5” (19.05 cm) depth, the height of the inner bucket to provide 
downward pressure on the seal underneath the ring that exceeds the hydrostatic pressure 
of water in the inner paint bucket. The foam seal minimizes outward escape of water.
3.6.3 Description of the infiltration test procedure
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1. The double ring infiltrometer is forced in to the ground to 1” (2.54cm) of its depth. 
Then the inner and outer rings are filled with water to a height of 5” (12.7 cm )
2. A stop watch is set to start and after 15 minutes, the stop watch is stopped.
3. The decrease in the water level in the inner ring is read using the ruler.
%
Fig 3.14; UNLV Bucket infiltrometer-Top view showing inner paint bucket and gravel
weights
4. From the difference in the water level and the time of experiment the infiltration rate 
is calculated using the formula
Observed change in water level /run time = (L start -  L end)/ (t end-t start).
Where, L: W ater level and, t: run time
5. The same method is followed for the UNLV made infiltrometer, except that the water 
is filled to a height of 7” (17.78 cm) only in the inner bucket and the decrease is 
observed.
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Fig 3.15: UNLV Bucket infiltrometer-Bottom view showing closed cell foam
3.6.4 Design calculations for bucket infiltrometer:
1. Vertical pressure applied due to the gravel on the seal, Pg (Pa) = W g/ A 
Where, W g = Net weight o f gravel (kg.m/ s^) = (Wi - Wg) x g 
Weight of Assembly along with gravel -Wi (kg) = 30.151b = 13.68kg 
Weight of assembly without gravel -W 2  (kg) = 1.81b = 0.81 kg 
W 1-W 2 = 20.41b = 12.87 kg 
g = acceleration due to gravity = 9.81 m/s^
Wg = 12.87 kg X 9.81 m/s^ = 126.25 Kg.m/s^
A = Annular area between the outer and inner buckets (m^)
A=n:l4xD^^
Where, D 2  = Diameter o f outer bucket = 31.11 cm 
D] = Diameter of inner bucket =16.81 cm 
A = 538.1 cm̂  = 0.053 m’’
Therefore, Pa= 126.25 / 0.053 = 2382.1 Pa
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2. Hydrostatic pressure due to the height of water,
Pw (Pa) = P water ^  8  ^  ^ w a ter  ...............................................................................................................(3-1)
W here, = density of water (1000 kg/m^)
Kaier ~  height to which water is filled (0.177m)
Therefore, Pw = 1000 x 9.81 x 0.177 = 1740 Pa 
Thus, use of gravel of bulk density (1375 kg/m^) on the seals ensures that the confining 
pressure on the seal of 2382.IPa is greater than the hydrostatic pressure exerted by the 
water 1740Pa. A comparison of several characteristics of both the infiltrometers is 
presented in Table 3.6.
3.6.5 Data M anipulations for infiltration test data
1. Infiltration rates are measured in cm/min at field, and then converted to inches/hr.
2. Arithmetic means are calculated for the sites under each PEP category.
3. ANOVA was run on the data to observe which of the two infiltrometers is 
significantly different.
4. ANOVA was also run to observe if the PEP groups and Hydrologie soil groups 
are significantly different.
5. Student’s two sample t- test is conducted to identify which Hydrologie soil group 
is significantly different from others.
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Table 3.6: Comparison of UNLV Bucket Infiltrometer and standard 12” Double Ring
Infiltrometer
Parameter UNLV single ring Standard 12” double ring
Seal closed cell, rubber foam 
weather seal. Model # R516H, 
manufactured by the 
ThermawellR Company
Soil around knife edge.
Inner ring type and 
diameter (cm)
1 gallon metal tin, 
6.62”(16.81cm) in diameter
Stainless steel ring 
5"(12.7cm) in diameter
Outer ring type and 
diameter(cm)
5 gallon plastic paint bucket, 
12.25” (31.11cm), in diameter
Stainless steel ring, 
12"(30.48cm) in diameter
Initial applied head of 
water (cm)
5" (12.7 cm  ) 7” (17.78 cm)
3.7 Tests with HH2 ML2X Moisture M eter
The soil moisture content measured by the HH2 ML2X Moisture M eter is obtained as 
volumetric water content, while the construction industry more commonly refers to the 
soil moisture content by weight%. Hence, to estimate a conversion factor for the 
readings from the instrument to the more common units, three experiments were 
conducted to determine the
1. Average Bulk densities of the four PEP categories of soils
2. Sensitivity of the HH2 ML2X moisture sensor under conditions simulating moisture 
addition to control dust
3. Comparison of HH2 meter volumetric moisture content to mass % moisture of 
ASTM standard method -  D 2216-98
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3.7.1 Determination of average bulk density of soil 
M oisture content (%weight) and (%vol) are related by the simple formula [Zazueta and 
Xin, 1994]
 ̂ water ' P s o i l ) 2)
W here, 6 *̂ = Soil moisture content by weight
6  ̂= volumetric soil moisture content in %vol -  Measured by the Theta probe
P water -  (jeusity of water = 1 g/cm^; = bulk density of soil in g/cm^
As, = Ig/cm^, at laboratory temperature and pressure, Eqn (3.2) reduces to
.....................................................................................................................(3.3)
Therefore, if the bulk density of the soil is known, the measured moisture content in 
Vol% can be converted to weight % using Eqn (3.3) [Mille and Gaskin, 1997] .
The laboratory method is explained in the following steps:
1. Take an empty graduated container and record its weight ( Wi, g)
2. Fill the container to a known volume with the soil of interest ( V, cm^)
3. Record the weight of container along with soil ( W 2 , g)
4. Measure the raw moisture content (%vol) using the 1TH2 ML2X moisture meter
5. Calculate the bulk density ( )of soil using the formula
(g/cm") = (W 2 - W , / V ,
But the bulk densities measured inside a laboratory using a graduated cylinder are 
unconsolidated densities and might not represent in-situ values
6 . Moisture content (%weight) of the soils can be calculated using and the 
reading obtained in step 4.
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3.7.2 Sensitivity of the moisture sensor to addition of water
1. Take an empty graduated container and record its weight ( W 3 , g)
2. Fill the container to a known volume with the soil of interest (V 2 , cm^)
3. Record the weight of container along with soil ( W 4 , g)
4. M easure the raw moisture content (%vol) using the FEH2 ML2X moisture meter
5. Add the a measured volume of water (say 15ml) to the preweighed soil and mix 
thoroughly so that the water is uniformly distributed
6 . Record the weight of the container + soil + added vol of water ( W 5 g)
7. Measure the moisture content (%vol) using the HH2 ML2X moisture meter
8 . Repeat steps 5 through 7, consecutively four more times, with same amount of 
water being added each time.
9. Increase in moisture content (%vol) due to addition of known volume of water each 
time is calculated from the data recorded.
3.7.3 ASTM Standard Method D 2216-98:
This experiment includes both bulk density calculation and response of sensor to 
increments of water added.
1. Take an empty graduated container and record its weight (We, g)
2. Fill the container to a known volume with the soil of interest ( V 3 , cm^)
3. Record the weight of container along with soil (W 7 , g)
4. Measure raw moisture content (%vol) using the HFI2 ML2X moisture meter
5. Add a measured volume of water (say 15ml) to the preweighed soil and mix 
thoroughly so that water is uniformly distributed
6. Record the weight of the container + soil + added vol of water ( Wgg)
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7. Measure the moisture content (%vol) using the HH2 M L2X moisture meter
8 . Repeat steps 1 through 7 on four samples of each soil
9. The four samples should have average moisture contents in %vol as 2.5, 8.0,13.5, 
and 19.5 respectively
10. Place the four samples in a oven for 12 hrs at 100 ± 5°C
11. Weight of soil is recorded after cooling to room temperature after 12 hrs (Wg g)
12. Place the samples back in the oven for four more hours of drying time until constant 
weight is achieved.
13. The moisture content (%weight ) can be calculated using the formula
MC% = [(Wgg -  Wgg) 4- (w ,g -  W ^ g )]x l0 0 .......................................................... (3.4)
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CHAPTER 4 
RESULTS AND DISCUSSION
4.1 Poof Test
4.1.1 Sample raw data plot for each surface condition for one site
An example o f  a raw data file recorded by the TSI DustTrak^M^ on a “dry stable” surface, 
for one o f the HIGH PEP sites (Site# CW0006) is shown in Fig 4.1. The spikes observed 
in the graph at regular intervals indicate the time o f the soil impact o f the Airzooka^^ air 
pulse, operated at intervals o f 10 seconds, recorded by the DustTrak™. Example data 
plots are also shown for the other five surface conditions on this site in Figures 4.2 
through 4.6. The variations in PM -10 concentrations emitted from the different surface 
conditions can be observed by the changed Y-axis scales.
4.1.2 Data Reduction
Normality o f  the site geometric means was tested using the Anderson-Darling test 
[Anderson and Darling, 1954] using a 5% level o f significance as a criterion for rejecting 
the null hypothesis that the means were normally distributed. The results from this test 
showed that the geometric means o f PM -10 concentrations from each site, under each 
PEP group were normally distributed. The arithmetic means o f infiltration rates and the 
pit depths from the Pie Pan tests from each site, under each PEP group were also found to 
be normally distributed. High and Moderate High PEP results are shown in Table 4.1.
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Similar results for Moderate Low and Low PEP groups are shown in Appendix B, Table
3a.
Poof Test, Dry Stable- Site #CW002
E
'5 i
E
7
6
5
4
3
2
0
- 1  4 - - - - - - - - - - - - - - - - - - - - - - - - - - - , - - - - - - - - - - - - - - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - - - - - - - - - - - - - ,- - - - - - - - - - - - - - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - - - - - - - - - - - - - , - - - - - - - - - - - - - - - - - - - - - - - - - - - , - - - - - - - - - - - - - - - - - - - - - - - - - - i
7:05:23 7:05:40 7:05:57 7:06:14 7:06:32 7:06:49 7:07:06 7:07:24 7:07:41
T im e (hr:m in:sec)
Fig 4.1 : Example raw data for “dry stable” condition
Poof Test, Dry Scraped- Site# CW002
25
20
E 15OjO
g  10 
80
1  5
O h
0  -
7:18:20 7:18:37 7:18:55 7:19:12 7:19:29 7:19:47 7:20:04 7:20:21 7:20:38
T im e (hr:m in:sec)
Fig 4.2; Example raw data for “dry scraped” condition
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Poof Test, 5 min after wetting-Site#CW002
0.7
0.6
E 0.5
0.4
§ 0.3 
o
3  0.2
CL
- 0.1
7:33:01 7:33:19 7:33:36 7:33:53 7:34:11 7:34:28 7:34:45 7:35:02 7:35:20
T im e (hr:m in:sec)
Fig 4.3: Example raw data for “5 min after wetting” condition
Poof Test, 15 min after wetting- Site# CW 002
0.6
- 0.2
7:44:15 7:44:33 7:44:50 7:45:07 7:45:24 7:45:42 7:45:59 7 :46:16 7:46:34
Time (hr;min:sec)
Fig 4.4: Example raw data for “ 15 min after wetting” condition
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Poof Test, 30 min after wetting-Site#CW002
1 6
14
12
10
8
6
4
2
0
-2 -----
7:57:13 7 :58:22 7:58:39 7:58:57 7:59:147:57:48 7:58:057:57:30
T im e (hr:m in:sec)
Fig 4.5: Example raw data for “30 min after wetting” condition
E
oo
o
Poof Test, 60 min after wetting-Site#CW002
3.5
3
2.5
2
1.5
0.5
0
8:26:01 8:26:18 8:26:36 8:26:53 8:27:10 8 :27:27 8:27:45 8:28:02 8:28:19
T im e (hr:m in:sec)
Fig 4.6: Example raw data for “60 min after wetting” condition
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Table 4.1 : Results o f Normality test on High and Moderate High site geometric means
Test PEP group Surface condition P value
Poof High Dry stable 0.08
5min after wetting 0.172
Moderate High Dry stable 0.206
5 min after wetting 0.329
Scrape High Dry stable 0.709
5 min after wetting 0.377
Moderate High Dry stable 0.206
5 min after wetting 0.329
Small Wind Tunnel High Dry stable 0.631
5 min after wetting 0.067
Moderate High Dry stable 0 . 2 0 0
5 min after wetting 0.249
Moisture content High Dry stable 0.661
5 min after wetting 0.560
Moderate High Dry stable 0.310
5 min after wetting 0.528
Infiltration test High Standard Double ring 0.105
UNLV Bucket 0.074
Moderate High Standard Double ring 0.790
UNLV Bucket 0.913
Pie Pan Test High 0.05” 0.198
0.15” 0.075
Moderate High 0.05” 0.851
0.15” 0.053
Raw data files from each run were processed to calculate a geometric sample mean 
and standard deviation for all data points above an arbitrary background limit o f 0 . 1 0 0  
mg/m^. Ambient P M -10 monitoring at 16 co-located sites with the Wind tunnel-2005 
study, [James and Wacaser, 2005] usually showed background PM -10 values between 
0 .020m gW  and 0.130mg/m^. Table 4.2 shows sites co-located with the UNLV Wind 
tunnel and the respective average background values at each site.
Overall geometric mean values for all sites within each PEP category or surface 
condition were computed using the individual site geometric mean values. An example
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data set o f overall geometric means is shown in Table 4.3. The calculation procedure for 
95% confidence limits is presented in Sec-A .l; Appendix A. Critical values for student’s 
t-distribution are presented in Table 1, Appendix A.
The possible effects o f  ambient atmospheric conditions on observed soil drying rates 
were tested by performing scatter plots o f drying rates against spot measurements of 
temperature, wind speed, relative humidity (Table 3.4). These effects were evaluated to 
justify the selection o f “tim e” as the principal determinant o f change in moisture content. 
Observed drying rates are calculated from the change in soil moisture content from the 
5min reading to 15 min reading. Scatter plots were also run against estimated free water 
surface evaporation rates, calculated using the following equations [Prasuhn, 1992]:
1) Fitzgerald: E (inch/day) =(0.4 + 0.199 x E^) x (e„, - e ^ ) ................................... (4.1)
[Fitzgerald, 1886 as cited in Prasuhn, 1992]
2) Horton: E (inch/day) = 0 .4 x ( 2 - e “°^’’‘"“ )x (e^  - e ^ ) ...................................................... (4.2)
[Horton, 1917 as cited in Prasuhn, 1992]
Where, : Surface wind speed (mph)
: Saturation vapor pressure (in H2 O) 
ea : Actual vapor pressure (in H2 O)
Saturation vapor pressures are obtained from [Prasuhn, 1992], and were interpolated to 
current field temperatures. The results o f correlations against individual variables or 
against predicted free water surface evaporation rates did not show any significant 
correlation. Drying rates probably depended on other factors such as soil porosity and 
aero-roughness. Figure 4.7 shows example data correlation o f observed drying rate on 
predicted Fitzgerald evaporation rates. An o f 0.0051 was calculated. Similar plots
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built for correlations on temperature, wind speed, relative humidity and predicted
Horton’s evaporation rates are presented in Appendix B, Figures 2 to 5.
0.7
.g 0.6
E
% 0.5
2 .
m 0.4 
1
0 0.3
1  
§ .0.2 
5
^ 0 . 1
0
0 1 2 3 4 5 6
F itzgerald  E (inch /day)
Fig 4.7; Evaporation rates (vol%/min) vs. Fitzgerald’s E (inch/day)
Several significance tests were performed across surface conditions and across PEP 
categories, to determine significant differences. A significance value o f five percent 
(p<0.05) was chosen as the criterion for rejecting the Null Hypotheses of either no 
significant differences among surface conditions for each PEP category, or no 
significant difference among PEP categories for each surface condition.
4.1.3 Example PM -10 concentrations summary table for one site (Site# CW006)
Table 4.3 shows geometric mean values along with standard deviations, for the six 
different surface conditions, for one site (Site# CW006) in the High PEP category. This 
table shows the variability o f  the PM -10 concentrations at one single site under all the 
test conditions.
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Table 4.2: Average background PM -10 values on the sites
Date, Site visited 
with Wind tunnel
CW Site # Wind tunnel site # Average background 
P M -10 value (mg/m^)
07/27/04 CW O ll WT118 0.05
08/02/04 CW013 WT119 0.08
08/03/04 CW004 WT121 0.08
07/13/04 CW016 WT122 0.13
07/30/04 CW017 WT123 0.09
07/19/04 CW002 WT126 0 . 1 2
07/15/04 CWOOl WT127 0.05
07/06/04 CW007 WT128 0.06
07/20/04 CW009 WT131 0.07
07/26/04 CWOlO WT133 0.04
07/12/04 CW008 WT134 0.07
07/29/04 CW015 WT136 0.02
08/16/04 CW027 WT138 0.05
06/29/04 CW020 WT139 0.09
08/09/04 CW019 WT144 0.05
08/19/04 CW021 WT145 0.09
08/17/04 CW022 WT146 0 . 0 1
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Table 4.3: Poof test geometric mean values values of PM -10 concentration on 6 surface
conditions for one site in HIGH PEP category. Site# CW002
Surface condition Geomean -  Stdev Geometric mean Geomean +  Stdev
Dry, stable 0.25 1.64 10.58
Dry, scraped 7.74 24.30 76.73
5 min after wetting 0.16 0.32 0.65
15 min after wetting 0 . 1 1 0.33 0.95
30 min after wetting 0.14 0.69 3.34
60 min after wetting 0 . 1 2 0.23 0.44
4.1.4 Sample Summary Table for all sites on one PEP Group
Overall geometric mean PM -10 concentration values at the six surface conditions on all 
the sites of High PEP category are shown in Table 4.4. This table shows the range 
f  geometric mean PM -10 concentrations among all the sites of one PEP group, with 
standard deviations at each individual condition absent for clarity. The 95% confidence 
limits for the overall means at each surface condition, calculated for the six sites in the 
PEP group are presented. Results show elevated PM -10 concentrations after dry scraping 
(2f), reduced PM -10 immediately after wetting (3f) and elevated PM -10 concentrations 
on 3 out of 6  sites after 60 minutes of drying time(6 f). Results for the other three PEP 
categories are shown in Appendix C, Sec- C .l, Tables 3 through 5.
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Table 4.4: Poof test geometric mean values of PM -10 concentration on the 6 surface
conditions for all the sites on HIGH PEP category
Site#
Surface condition
1 ^ 2 ^ 3^ 4^ 5^ 6 ^
CWOOl 12.70 11.18 0.25 0.58 0.51 0.82
CW002 1.64 24.30 0.32 0.33 0.69 0.23
CW003 0.38 2.74 0.31 0.32 0.60 0.14
CW004 0.70 6.92 0.59 0.35 0.33 0.42
CW005 0.57 11.57 0.30 0.85 0.40 3.36
CW006 0.35 3.61 0.35 0.45 0 . 8 6 1.67
GM-t-95%conf limit 4.22 18.01 0.46 0.74 0.78 2.25
Geometric mean 1 . 0 2 7.74 0.34 0.45 0.54 0.65
GM-95%conf limit 0.25 0.69 0.25 0.27 0.37 0.19
Standard deviation 
of log(geomean)
0.59 0.35 0.13 0.17 0.15 0.51
Where, 1 ' : dry, stable 2  ̂ : dry, scraped
3^ : 5 min after wetting 4 ' : 15 min after wetting
5 ' : 30 min after wetting 6  ̂ : 60 min after wetting 
CWOOl -  CW006: Refer to Table 3.5, Chapter 3
4.1.5 Summary of PM -10 Concentrations -  All PEP Groups & All Surface Conditions. 
The geometric mean values along with 95% confidence limits for all the PEP groups 
under all the six test conditions are tabulated in Table 4.5.
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Table 4.5: PM -10 concentrations on all PEP categories and Surface conditions
Surface test 
condition
PEP category
Statistics High Moderate
High
Moderate
Low
Low
1. Dry, stable GM+95% 4.22 1.60 1.75 0.85
GM 1 . 0 2 0.95 0.81 0.51
GM-95% 0.25 0.57 0.37 0.31
2. Dry, scraped GM-i-95% 18.10 3.11 2.40 2 . 0 1
GM 7.74 2 . 0 1 1.46 0.81
GM-95% 0.69 1.30 0.88 0.33
3. 5min after 
wetting
GM+95% 0.46 0.35 0.28 0 . 2 1
GM 0.34 0.27 0.24 0 . 1 0
GM-95% 0.25 0.20 0.20 0.05
4. 15 min after 
wetting
GM+95% 0.67 1.78 0.35 0.26
GM 0.45 0.30 0.25 0.19
GM-95% 0.30 0.23 0.19 0.14
5. 30 min after 
wetting
GM+95% 0.78 0.47 0.34 0.29
GM 0.54 0.32 0.26 0 . 2 1
GM-95% 0.37 0 . 2 1 0 . 2 0 0.15
6 . 60 min after 
wetting
GM+95% 2.25 0.54 0.34 0.31
GM 0.65 0.35 0.27 0.25
GM-95% 0.19 0.23 0.22 0.20
4.1.6 Sample ANOVA calculations on one PEP category, across surface conditions.
The geometric mean PM -10 concentrations computed for different runs at each site, 
within each PEP soil group are tested for significant differences in their geometric mean 
values with respect to changing surface conditions. For example, the values tabulated for 
High PEP in Table 4.4, are subjected to Analysis of Variance (ANOVA) with one 
criterion of classification across soil conditions. Sample calculations for ANOVA on one
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single site are explained below. Table 4.6 shows the values used to carry out ANOVA for
the High PEP group.
Table 4.6: ANOVA across surface conditions for Poof test on High PEP category
Surface condition 
Site#
CWOOl 12.70 11.18 0.25 0.58 0.51 0.82
CW002 1.64 24.30 0.32 0.33 0.69 0.23
CW003 0.38 2.74 0.31 0.32 0.60 0.14
CW004 0.70 6.92 0.59 0.35 0.33 0.42
CW005 0.57 11.57 0.30 0.85 0.40 3.36
CW006 0.35 3.61 0.35 0.45 0.86 1.67
Sum 16.34 60.32 2 . 1 1 2.88 3.39 6.64
Mean 2.72 10.05 0.35 0.48 0.56 1 . 1 0
Count Z  =36
A. Total Sum of Squares of differences from grand mean (X) [S.S.]
S.S  = ( 1 2 .7 0 -2 .5 4 ) -  + ( 1 .6 4 - 2 .5 4 ) -  + ...................(1.67 - 2 .5 4 ) "  = 868.87
B. Sum of squares of differences among treatments x (sample size) [S.S.T]
:5.S.T. = (2.72 -  2.53)^ x  6 + (10.05 -  2.53)^ x  6 + ....(1.10 -  2.53)^ x  6 = 428.82 
Number of treatments = 6  
V[ = Degrees of freedom (df) = 6-1 = 5  
s,̂  = 428.82 4-5 = 85.76
C. Sum of squares of differences within samples [S.S.E]
& & E  = (12.70-2.72)" + (1 .64 -2 .72 )" +  (1.67-1.10)" =440.04
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Total Sample size = 36 
Number of treatments = 6
y 2 = 36 -  6  = 30
Sp^= 440.04 - 3 0  = 14.66
D. F  calculated = s^/ Sp" = 85.76/14.66 = 5.84
The tabulated F  critical = from Table 1 in Appendix A, [Alder and Roessler,
1972], for 6  treatments and 30 degrees of freedom = 2.53, for p<0.05 
Since, 5.84> 2.53, or F cai > F critical
Therefore, the means in the different surface conditions are significantly different. 
A summary of the ANOVA calculation is shown in the standard format, of 
ANOVA results. (Table 4.7)
4.1.7 Summary of ANOVA Results within PEP Categories across Surface Conditions 
ANOVA calculations were repeated for the Moderate High, Moderate Low and Low PEP 
categories. Results for all PEP categories are tabulated in Table 4.8
For all the PEP groups, ANOVA showed a significant difference in the Poof test PM -10 
concentrations across surface conditions within each PEP group.
4.1.8 Duncan’s Multiple Range Test for significant results from ANOVA, within PEP 
categories across surface conditions.
With significance observed across surface conditions, within each PEP category, 
Duncan’s Multiple Range test [Alder and Roessler, 1972] is performed to find which 
means are significantly different. Results are summarized for all PEP categories in 
Table 4.9
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Table 4.7: Standard ANOVA format, on HIGH PEP category, across surface conditions
Groups Count Sum Average Variance
Column 1 6 16.34 2.72 24.11
Column2 6 60.32 10.05 62.27
Columns 6 2 . 1 1 0.35 0 . 0 1
Column4 6 2.88 0.48 0.08
Column5 6 3.39 0.56 0.03
Columnb 6 6.64 1 . 1 0 1.53
Source of variation SS df MS F P-value F  critical
Between groups 428.82 5 85.76 5.84 0.00069 2.53
W ithin groups 440.04 30 14.66
Total 868.87 35
Table 4.8: Summary of ANOVA results across surface conditions-Poof test, PM -10
concentrations
F critical F calculated P-value
High 2.53 5.84* 0.00069
M oderate High 2.40 11.64* 2.13E-07
Moderate Low 2.40 7.24* 4.0E-05
Low 2.62 4.33* 0.0059
*: Results significant at P<0.05 level
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Table 4.9: Result of Duncan’s Multiple Range Test across surface condition within PEP
groups
PEP group Significantly different means at P<0.05
HIGH Scrape > dry-stable ,Scrape > 5 min. Scrape > 1 5  min. Scrape > 
30 min. Scrape > 60min
M ODERATE HIGH Scrape > dry-stable ,Scrape > 5min. Scrape > 15 min. Scrape > 
30 min. Scrape > 60 min
M ODERATE LOW Scrape > 5min. Scrape > 1 5  min. Scrape > 30 min. Scrape > 60 
min
Dry-stable>5min, dry-stable > 1 5  min, dry-stable > 30 min, dry- 
stable> 60 min
LOW Scrape > 5 min. Scrape > 1 5  min. Scrape > 30 min. Scrape > 60 
min
4.1.9 Discussion
The Poof test can detect significant increases in dry-scraped PM -10 concentrations 
compared to both dry crust for High and M oderate High PEP categories, and also for dry- 
scrape compared to nearly all wetted conditions for all PEP categories (Table 4.9). In 
other words, wetting the soil surface with 0.1” (0.254cm) water significantly reduced 
wind eroded PM -10 emissions from scraped land surfaces. The reduction lasted at least 1 
hour.
The Poof test was unable to detect significant P M -10 differences among different drying 
times for moist soils. In order to better understand the relationship between Poof test PM- 
1 0  emission and moisture, drying rates of the soil surface moisture are presented in the 
next section.
4.1.10 Moisture Content vs. Surface Condition
Volumetric moisture content values recorded at all sites, for each drying time of the High 
PEP category, are shown in Table 4.10. Volumetric moisture readings correspond to one
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4.1.11 Moisture Content vs. Poof Test PM -10
In Figures 4.12 through 4.15, the Poof test PM -10 values for the different drying times 
from Section 4.1.5 are plotted against the corresponding average moisture content, from 
Section 4.1.10, with the surface conditions labeled. It can be observed that High PEP 
soils were most likely to return to higher PM -10 emissions with the 60 min value restored 
to about 50% of the initial PM -10 emissions from stable, dry surface.
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Eig 4.12: High PEP drying curve
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4.1.12 Analysis of PM -10 concentrations among PEP categories for each surface 
condition
Data for the individual site geometric mean values o f the Poof test PM -10 concentrations, 
obtained on the dry-stable surface condition for all the sites visited in all PEP categories 
are shown in Table 4.11. Category geometric means and 95% confidence limits are also 
presented. These values declined consistently from  High to Low PEP classifications. 
Similar data on the other five surface conditions are presented in. Appendix C, Sec- C.3, 
Tables 9 through 13.
4.1.13 Calculations to test for significance within Surface Conditions across PEP 
categories
One-way ANOVA calculations are performed for each surface condition to determine if 
there were significant differences among the PEP classifications. An example table of the 
calculated ANOVA result for the dry-stable surface condition is presented in Table 4.12.
90
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Table 4.11 : Geometric Mean Poof test PM -10
in all the PEP
concentrations for the dry stable condition 
categories
Site # High Site# Mod
high
Site # Mod
Low
Site# Low
CWOOl 12.70 CW007 0.43 CW016 035 CW025 0.44
CW002 1.64 CW008 2.43 CW017 1.53 CW026 035
CW003 038 CW009 1.65 CW018 2.71 CW027 0.51
CW004 0.70 CWOlO 239 CW019 039 CW028 1 . 0 2
CW005 037 CW Oll 0.42 CW020 033 CW029 0.44
CW006 035 CW012 1.15 CW021 1.33
CW013 030 CW022 3.91
CW014 0.75 CW023 0.47
CW015 0.78 CW024 038
Category
GM+95%conf
432 1.60 1.75 035
Category GM
E02 0.95 0.81 0.51
Category
GM -95%conf
0.25 0.57 0.37 0.31
Table 4.12: Standard ANOVA result, on Dry-stable condition, across PEP categories
Grouns Count Sum Average Variance
Column 1 6 16.34 232 24.11
Column2 9 1032 1.13 0.64
Column3 9 11.4 136 1.63
Column4 5 236 035 0.07
Source o f variation SS df MS F P-value F  critical
Between groups 1 4 . 8 9 3 4.96 039 0 . 4 5 8 2.99
Within groups 1 3 9 . 0 6 2 5 536
Total 153.95 28
The result was not significant at the P<0.05 level for t le dry stable condition.
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4.1.14 Summary o f ANOVA results across PEP categories within surface conditions. 
Results o f ANOVA calculations on individual site geometric mean values o f PM -10 
concentrations from the Poof test, across PEP categories, within each surface condition, 
are summarized in Table 4.13.
Table 4.13: Summary o f ANOVA results across PEP categories w ithin surface conditions
for Poof test PM -10 concentrations
F  critical F  calculated P-value
Dry, stable 299 039 0 . 4 5
Dry, scraped 299 738* 0.0007
5  min after wetting 299 257 0 . 0 7
1 5  min after wetting 299 1 . 0 8 037
3 0  min after wetting 299 735* (FOOl
6 0  min after wetting 299 333* 0.035
* .: Results significant at P<0.05 level
ANOVA calculations showed significant differences across PEP categories for the 
dry-scraped, 30-minute and 60-minute after wetting surface conditions.
4.1.15 Two sample t- Test for significant results in ANOVA, across PEP categories, on 
Poof test PM -10 concentrations
Unlike the Duncan’s multiple range test done on significant results in ANOVA across 
surface conditions (Table 4.9), the Student’s t-test is performed over the significant 
results from ANOVA across PEP categories. This is because o f unequal PEP category 
sample sizes. Duncan’s Multiple Range test can be used only for equal sample sizes. 
[Alder and Roessler, 1972]. Results o f the Student’s t-test are presented in Table 4.14.
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Table 4.14: Result from Two-sample t-test, across PEP categories, within surface
conditions
Surface condition Significantly different means at P<0.05
Dry, stable Not tested -  No significance in ANOVA
D ry,scrape High > Mod Low , High > Low
5 min after wetting Not tested -  No significance in ANOVA
15 min after wetting Not tested -  No significance in ANOVA
30 min after wetting High > Mod High, High > Mod Low , High > Low
60 min after wetting High > Mod High, High > Mod Low, High >Low
4.1.16 Discussion o f Poof test PM -10 concentration results
The Poof test detected that the Dry-scraped, 30 min and 60 min after wetting surface 
conditions showed significant differences in PM -10 concentrations across PEP 
categories. For these three surface conditions, where significance was detected, it is 
shown that the High PEP category produced higher PM -10 emissions than Moderate Low 
and Low PEP categories. At 30 minute and 60 minutes after wetting, PM -10 
concentrations from High PEP soils were significantly higher than those from Moderate 
High, Moderate Low and Low PEP soils.
4.1.17 Increases in PM -10 Concentration with respect to dry-scraped surface
Table 4.15 shows the % increase in moist PM -10 concentrations with respect to the dry- 
scraped surface. Fig 4.16 graphically represents the same results for all the PEP groups. 
From Fig 4.16, it is evident that water produced the largest relative PM -10 emission 
reductions on High PEP soils and the lowest relative reductions on Low PEP soils. Also 
Low PEP soils appeared to show the largest proportional increase in PM -10 as they dried.
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Table 4.15: Percentage increase in moist PM -10 concentration w.r.t “Dry, scrape’
PEP HIGH MODERATE
HIGH
MODERATE
LOW
LOW
Conditions
Dry, scrape 1 0 0 1 0 0 1 0 0 1 0 0
5 min after wetting 4 13 16 1 2
15 min after wetting 6 15 17 23
30 min after wetting 7 16 18 26
60 min after wetting 8 17 18 31
■ high •  Mod high —̂  ' Mod low x — Low
35
30
25
o
20
15
10
5
0
7020 30 40 6010 500
drying time( min)
Fig 4.16: % Increase in PM -10 concentrations w.r.t Scraped surface
4.1.18 volumetric percent moisture Content vs. PEP Categories
Volumetric moisture data for all sites and surface conditions are tabulated in, Appendix 
C, Sec- C.2, Tables 6  through 8 . Table 4.16 shows the arithmetic means of the volumetric 
moisture contents, for all surface conditions, under each PEP category. Table 4.16 shows 
elevated moisture content on “5 min after wetting” surface condition, on all the PEP
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categories, which indicates the HH2ML2X Moisture meter’s response to intentional 
addition of water. Reductions in moisture contents are observed with increasing drying 
time; which can be attributed to evaporation and infiltration losses.
Table 4.16: Arithmetic mean volumetric moisture content vs. PEP category
Surface condition High M oderate
High
Moderate
Low
Low
Dry, stable 272 2.63 269 4.28
Dry, scrape 2.48 3.49 222 439
5min after wetting 12.87 17.96 14.5 15.24
15 min after wetting 10.75 14.96 11.64 1 1 . 6 8
30 min after wetting 9.22 1 2 . 2 &48 9.44
60 min after wetting 7.2 10.17 7.52 7 J8
4.1.19 Summary of ANOVA on moisture contents - across surface conditions within PEP 
categories
One -  way ANOVA is carried out on individual site volumetric moisture content data 
across surface conditions within each PEP category and Table 4.17 displays the results 
obtained. It is evident from the results that the measured volumetric moisture content 
showed significant (P<0.05) differences across the surface conditions, within each PEP 
category.
Table 4.17: Summary of ANOVA results across surface conditions
F  critical F  calculated P-value
High 25 3 47.94* 2 . 0 6 E - 1 3
Moderate High 2 . 4 0 5934* 1 . 8 3 E - 1 9
Moderate Low 2 4 0 42.01* 2 . 0 8 E - 1 6
Low 2 6 2 10.63* 1 . 7 8 E - 0 5
Results significant at P<0.05 level
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4.1.20 D uncan’s M ultiple Range test on moisture content - across surface conditions, 
within PEP categories
Significant results from ANOVA are tested by Duncan’s Multiple Range test, to observe 
the significant differences in surface conditions. Results are shown in Table 4.18 
It can be inferred from the Duncan’s Multiple Range test results, that 5min, 15 min, 30 
min after wetting surface conditions are significantly different from the Dry stable and 
Dry scraped surfaces in almost all the PEP categories. The 5 and 15 minute surfaces are 
usually significantly different from all surface conditions with higher (30 and 60 minute) 
drying times. The one exception is the LOW PEP category, where only the 5 minute 
values were significantly higher than 30 or 60 minute.
4.1.21 Summary of ANOVA on moisture content - across PEP categories within surface 
conditions
One -w ay  ANOVA is carried out on individual site volumetric moisture content data 
across PEP categories, within each surface condition. Table 4.19 displays the results 
obtained.
From Table 4.19, it is evident that the 5min, 15min and 30 min after wetting surface 
conditions show significant differences across PEP categories. In order to identify these 
differences, the Student’s t-test is performed. As the sample sizes are not equal in all the 
PEP categories, the D uncan’s M ultiple Range test was not conducted. Results of the 
Student’s t-test are tabulated in Table 4.20
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Table 4.18: Duncan’s Multiple Range Test results on HH2 volumetric moisture content
across surface condition within PEP groups
PEP group Significantly different means at P<0.05
HIGH 5min > dry-stable , 5 min> Scrape, 5min > 1 5  min,5min > 30 min, 
5min > 60min
15min> dry-stable, 15min > Scrape, 15min> 60 min 
30 min >Scrape
60 min> dry-stable, 60 min > Scrape
M ODERATE
HIGH
5min > dry-stable ,5min >Scrape ,5min > 15 min, 5min>30min, 
5min > 60 min
15 min > dry-stable, 15min >Scrape, 15 min >30 min, 15min> 60 
min
30 min >dry-stable, 30 min> Scrape, 30 min>60 min 
60 min> dry-stable
MODERATE
LOW
5min > dry-stable ,5min >Scrape ,5min > 1 5  min, 5min>30min, 
5min > 60 min
15 min > dry-stable, 15min >Scrape, 15 min >30 min, 15min> 60 
min
30 min >dry-stable, 30 min> Scrape, 30 min>60 min 
60 min> dry-stable
LOW 5min > dry-stable, 5 min> Scrape, 5min >30 min, 5min > 60 
min,
15min> dry-stable, 15min> Scrape,
30 min >Scrape, 30 min > dry-stable
Table 4.19: Summary of ANOVA on moisture content - across PEP categories
Surface condition F  critical F  calculated P-value
Dry, stable 2 99 1.72 0.187
Dry, scraped 2 99 0.93 0.44
5 min after wetting 2 99 335* 0.034
15 min after wetting 2 99 433* 0.013
30 min after wetting 2 9 9 299* 0.050
60 min after wetting 2 9 9 2 0 9 0 . 1 2
Results significant at P<0.05 level
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Table 4.20: Result from Two-sample t-test on moisture content - across PEP categories
within surface conditions
Surface condition Significantly different means at P<0.05
Dry, stable Not tested -  No significance in ANOVA
D ry,scrape N ot tested -  No significance in ANOVA
5 min after wetting High >Moderate High, Moderate High >Moderate Low
15 min after wetting High >Moderate High, Moderate High >Moderate Low
30 min after wetting High >Moderate High, Moderate High >Moderate Low
60 min after wetting Not tested -  No significance in ANOVA
It is evident from Table 4.20 that the High PEP category retained higher moisture content 
than Moderate High and the Moderate High PEP soil had more moisture than Moderate 
Low PEP category at the 5, 15 and 30 minute drying times. Greater moisture retention by 
the Higher PEP categories (Table 4.20) at 5, 15, and 30 minute field drying times appears 
to correspond to higher levels o f percent PM -10 reduction at the same drying times for 
the Higher PEP categories (Table 4.15,Fig 4.15)
4.1.22 M oisture content vs. Hydrologie soil group.
Soil moisture contents are re-grouped under the four Hydrologie soil groups for the six 
surface conditions. Table 4.21 shows the Arithmetic means o f the raw moisture content 
on all the sites, for all surface conditions, under each Hydrologie soil group. The table 
shows declining trends in ambient moisture (Dry-stable condition) from group A through 
group D. Ambient volumetric moisture content values grouped under Hydrologie soil 
groups are presented in Appendix C, Sec- C.4, Table 14.
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Table 4.21; Moisture content vs. Hydrologie soil group
Surface condition A B C D
Dry, stable 4.47 3.08 2.60 2 3 6
D ry,scrape 4.37 3 3 3 3.23 2 2 2
5min after wetting 15.33 13.8 14.03 17.26
15 min after wetting 13.2 11.3 11.3 13.54
30 min after wetting 10.93 9.8 9 3 3 10.37
60 min after wetting 2 5 7 8.09 7.1 8.44
4.1.23 Summary of ANOVA on moisture content - across surface conditions within 
hydrologie soil groups
One-way ANOVA is carried out on moisture content across the surface conditions within 
the four Hydrologie soil groups -  A, B, C and D. Table 4.22 shows that volumetric 
moisture content exhibited significant differences across surface conditions, within each 
the Hydrologie soil group.
Table 4.22: Summary of ANOVA on moisture content - across surface conditions, within
hydrologie soil groups
Hydrologie group F  critical F  calculated P-value
A 2 . 7 7 1 3 . 5 0 * 1 . 4 5 E - 0 5
B 2 3 0 6 6 . 4 6 * 1 . 1 9 E - 2 9
C 4 3 8 1 0 . 2 2 * 0 . 0 0 6 7
D 2 5 3 26.93* 3 . 0 0 E - 1 0
Results significant at P<0.05 level
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4.1.24 Duncan’s Multiple Range test on moisture content - across surface conditions,
within hydrologie soil groups
D uncan’s M ultiple Range tests were performed to determine which surface conditions 
significantly differ. Results are tabulated in Table 4.23
Results from Duncan’s M ultiple Range test, show that 5min, 15min and 30 min after 
wetting surface conditions are significantly different from the dry stable and dry scraped 
surfaces on all the Hydrologie soil groups. Three groups A, B and D were still 
significantly moister than ambient at t=60 minutes. Soils dried for 5 minutes were 
significantly moister than 15, 30, 60 min dried soils.
Table 4.23; Result of Duncan’s Multiple Range Test on moisture content - across surface
condition within Hydrologie soil groups
PEP group Significantly different means at P<0.05
A 5min > dry-stable , 5 min> Scrape, 5min > 30 min, 5min > 60min 
15min>dry-stable, 15min > Scrape 
30 min > dry-stable 
60 min> dry-stable, 60 min > Scrape
B 5min > dry-stable, 5 min> Scrape, 5min > 1 5  min, 5min>30min, 
5min > 60 min
15 min > dry-stable, 15min >Scrape, 15 min >30 min, 15min> 60 
min
30 min > dry-stable, 30 min> Scrape 
60 min> dry-stable, 60 min > Scrape
C 5min > dry-stable,5min >Scrape , 5min>30min 
15 min > dry-stable, 15min >Scrape 
30 min > dry-stable, 30 min> Scrape
D 5min > dry-stable, 5 min> Scrape, 5nun >30 min, 5min > 60 
min,
15min> dry-stable, 15min> Scrape, 15min> 60 min 
30 min >Scrape, 30 min > dry-stable 
60 min >Scrape, 60 min > dry-stable
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Scrape Dry run- Site#CW006,Run#l
8 :02:53  8 :02:55  8 :02:57  8 :02 :59  8 :03:00  8 :03:02  8 :03 :04  8 :03:05  8 :03:07
Tim e (hr:min:sec)
Fig 4.17: Example raw data for “dry stable” condition
Scrape, W et run- Site#C W 006,R un#l
1.8
1.6
1.4
1.2
0.8
0.6
0.4
0.2
0 4-----------------------------------------  ,-------- ,---------------- ,---------------- ,---------------- ,---------------- ,----------------
8 : 15:53 8 : 15:54 8 : 15:56  8 : 15:58 8 : 16:00  8 : 16:01 8 : 16:03 8 : 16:05 8 : 16:07 8 :16:08
Tim e (hr:min:sec)
Fig 4.18: Example raw data for “5 min after wetting” condition
4.2.2 Data reduction:
Raw data files of five scrape runs are pooled for each site. For each surface 
condition, this combined data is processed to calculate a geometric sample mean for all 
data above the arbitrary background limit of O.lOOmg/m^. The overall geometric mean
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values and 95% confidence limits are then calculated from the mean values on each 
surface condition in each PEP category. The statistical analysis is the same as followed in 
Poof test.
4.2.3 Sample P M -10 concentrations summary table for one site
Geometric mean values for the two surface conditions, on the site (CW006), are tabulated 
in Table 4.25.
4.2.4 Sample summary table for all sites on one PEP group. (HIGH PEP group)
The Geometric mean values and the 95% confidence limits of PM -10 concentration of 
the two surface conditions on all the sites of HIGH PEP category are shown in Table 
4.26. The data for the other three PEP categories are shown in, Appendix C, See- C.5, 
Tables 15 through 17.
Table 4.25; Geometric Mean values ± 95% confidence limits of PM -10 concentration on 
two surface conditions for set of 5 runs on site CW006
Surface condition Dry stable 5 min after wetting
Run #
1 15.84 &33
2 31.43 &89
3 2 4 ^ 0.56
4 18.94 0.78
5 14.55 1.37
Geometric Mean 2 0 . 2 1 0.70
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Table 4.26: Serape test Geometric mean values o f PM-10 concentration for ail the sites
on HIGH PEP category
Site# Dry stable 5 min after wetting
CWOOl 1.81 0.70
CW002 13.75 0.18
CW003 19.4 023
CW004 32.31 0 2 2
CW005 4.6 0.48
CW006 20.21 0.70
Category GM +95% eonf limit 11927 0 2 5
Category Geometric mean 10.64 0 2 9
Category GM -95% conf limit 1 4 0 0.15
4.2.5 Summary o f  P M -10 concentrations - All PEP categories& both surface conditions 
The category geometric mean values along with 95% confidence limits for all the PEP 
categories and for both the surface conditions are tabulated in Table 4.27. In this table, if 
the values are read vertically the variability o f PM-10 concentration with the surface 
conditions is clearly observed. When read horizontally, the differences in means among 
the PEP categories are observed.
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Table 4.27: Scrape test geometric mean PM-10 concentrations on ail PEP categories and
both Surface conditions.
Surface test 
condition
PEP category
Statistics High Moderate
High
Moderate
Low
Low
Dry, stable GM+95% 119.27 20.15 13.84 11.95
GM 10.64 8 2 2 7.76 2.20
GM-95% 3.40 3 69 4.35 0.40
5min after wetting GM+95% 0 2 5 1.67 0.27 0.46
GM 0 2 9 0 2 8 0.19 0T3
GM-95% 0.15 0.19 0.13 0.04
4.2.6 Summary of ANOVA within PEP categories, across surface conditions 
One- way ANOVA was performed over the geometric mean PM-10 values of individual 
sites within the PEP categories (shown in Table 4.30), across the surface conditions. The 
data in Tables 4.28 and 4.29 is used as the input for ANOVA. Summarized ANOVA 
results are presented in Table 4.30
Table 4.28: Scrape test geometric Mean values of PM-10 concentration on the dry stable
condition
Site # High Site# M od high S ite# Mod Low Site# Low
CWOOl 1.81 CW007 1.13 CWOl 10.28 CW02 17.60
CW002 13.75 CW008 3628 CWOl 3.65 CW02 0.46
CW003 19.4 CW009 52 5 CWOl 1228 CW02 1.55
CW004 32.31 CWOlO 19.7 CWOl 1 0 . 8 CW02 3 2 9
CW005 4.6 CW O ll 3 5 2 CW02 9.14 CW02 1 . 2
CW006 2 0 . 2 1 CW012 2628 CW02 1529
CW013 3 2 6 CW02 12.4
CW014 2 5 2 4 CW02 1.46
CW015 4 2 6 CW02 72 8
GM+95%conf 119.2 20.15 13.84 11.95
GM 10.64 8 2 2 7.76 2 2 0
GM-95%conf 3.40 3 2 9 4.35 0.40
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Table 4.29: Scrape test geometric M ean values of PM-10 concentration 5min after
wetting
S ite # High Site# M od high S ite# Mod Site# Low
CWOOl 0.14 CW007 0.29 CWOl 6 0.13 CW025 0.29
CW 002 0.18 CW008 0 . 1 1 CW017 0.23 CW026 0.29
CW 003 0.23 CW009 0.54 CWOl 8 0 2 7 CW027 0.16
CW 004 0 2 2 CWOlO 0.28 CWOl 9 0.29 CW028 0 . 1 2
CW 005 0.48 CW Oll 0.34 CW020 0.07 CW029 0.03
CW 006 0.70 CW012 0.29 CW021 0.23
CWOl 3 0.51 CW022 0.15
CWOl 4 0 2 4 CW023 0.24
CWOl 5 0.15 CW024 0 2 3
GM +95% conf 0.55 1.67 0.27 0.46
GM 0.29 0.28 0.19 0.13
GM -95% conf 0.15 0.19 0.13 0.04
Table 4.30: Summary of ANOVA results across surface conditions
PEP group F  critical F calculated P-value
H i g h 4 . 9 6 10.65* 0 . 0 0 8
Moderate H i g h 4 . 4 9 12.77* 0 . 0 0 2 5
Moderate Low 4 . 4 9 2529* 0 . 0 0 0 1
Low 5 . 3 1 2 . 1 0 0 . 1 8 5
*: Results significant at P<0.05 level
4.2.7 Duncan’s Multiple Range test, within PEP categories, across surface conditions 
Significant results from ANOVA are subjected to Duncan’s multiple range test for 
differences in PM-10 concentrations across surface conditions, within each PEP category. 
Results are summarized in Table 4.31
Table 4.31: Result of Duncan’s multiple range test within PEP, across surface condition
PEP group Significantly different means at P<0.05
High Dry Stable > 5min after wetting
Moderate High Dry Stable > 5min after wetting
Moderate Low Dry stable > 5 min after wetting
Low Not tested -  No signifieance in ANOVA
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4.2.8 Discussion on results across surface condition
From the results of ANOVA, it is evident that High, Moderate High, Moderate Low soils 
showed significant differences in PM -10 concentrations across the two surface 
conditions. Duncan’s M ultiple Range test shows that the scrape test on the dry stable 
surface produced significantly higher PM -10 concentrations than PM-10 concentrations 
produced 5 min after wetting, on the three significant PEP categories. Also 0.10” water 
significantly reduces em itted PM-10 concentrations during scraping on these three PEP 
categories.
4.2.9 Summary of ANOVA results across PEP category, within each PEP category 
Results of ANOVA caleulations on geometric mean values of PM-10 coneentrations 
from the Scrape test across PEP categories, within each surface condition are summarized 
in Table 4.32
Table 4.32: Scrape test summary of ANOVA results across PEP categories
F  critical F  calculated P-value
Dry, stable 2.99 1.93 0.14
5 min after wetting 2.99 2 2 5 0 . 1 0
No significant differences in scrape test PM-10 concentrations across the PEP categories 
were detected within the two surface conditions.
4.3 EQM Small Wind Tunnel test
4.3.1 Sample raw data plots for each surface condition for one site (CWOOOl)
The raw sample 300 data points recorded by the TSl DustTrak™ , on “dry stable” surface, 
for one of the HIGH PEP sites (Site# CWOOOl) are shown in Fig 4.19. Similar plots are
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EQM Wind Tunnel, 5 min after wetting- Site#CW001
0 . 3
0.25
I
E
c  0.15 
o  u 
o
0.05
7:25:41 7:26:24 7:27:07 7:27:50 7:28:34 7:29:17 7:30:00 7:30:43 7:31:26 7:32:10
T im e  (h r:m in :se c )
Fig 4.21: Example raw data for “5 min after wetting” condition
EQM Wind Tunnel, 15 min after wetting
0.3
I
y
o  0.15 
o
0.05
7:36:29 7:37:12 7:37:55 7:38:38 7:39:22 7:40:05 7:40:48 7:41:31 7:42:14
T im e  (h r:m in :se c )
Fig 4.22: Example raw data for “ 15 min after wetting” condition
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EQM Wind Tunnel, 30 min after wetting
0 . 2
0.18
0.16
'3b
B 0.12
o  0.08
0.02  -
7:50:10 7:50:53 7:51:36 7:52:19 7:53:02 7:53:46 7:54:29 7:55:12 7:55:55
T im e (hrim im sec)
Fig 4.23; Example raw data for “30 min after wetting” condition
EQM Wind Tunnel, 5 min after wetting- Site#CW 001
7:25:41 7:26:24 7:27:07 7:27:50 7:28:34 7:29:17 7:30:00 7:30:43 7:31:26 7:32:10
Time (hr:min:sec)
Fig 4.24: Example raw data for “60 min after wetting” condition
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4.3.2 Data reduction
Raw data files from each run are processed to calculate a geometric sample mean for all 
data points above an arbitrary background limit o f 0.100 mg/m^. The mean values for 
each set o f overall geometric mean values and 95% confidence limits are then calculated 
from surface conditions in each PEP category. Statistical analysis is carried in the same 
manner as in Poof test. Significance tests were performed across surface conditions and 
across PEP categories.
4.3.3 Sample summary data for one site
Geometric mean values along with standard deviations, for the six surface conditions, for 
one site (CW003) in High PEP category are tabulated in Table 4.33.
Table 4.33: Small Wind tunnel geometric mean values ± standard deviations for one site
in HIGH PEP category.
Surface condition Geo mean -  Stdev Geometric mean Geomean + Stdev
Dry, stable &09 0.25 0.65
D ry,scraped 0 . 1 2 036 1 . 0 0
5 min after wetting 0 . 1 0 0 . 2 1 0A6
15 min after wetting 0 . 1 1 033 0.49
30 min after wetting 0.08 0.18 0.41
60 min after wetting 0 . 1 2 030 0.73
4.3.4 Small Wind tunnel sample summary table for all sites on one PEP group, across 
surface conditions
The geometric mean values o f PM-10 concentration o f all the sites in the High PEP 
category are shown in Table 4.34. The 95% confidence limits for each surface condition 
are also presented. As will be shown in sections 4.3.6 and 4.3.7, results do not show any
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significant elevation or suppression in PM -10 concentrations in contrast to what was 
observed in the Poof test. Results for the other three PEP categories are shown in, 
Appendix C, Sec- C.6 , Tables 18 through 20.
Table 4.34: Geometric mean values o f PM -10 concentration for all the sites on High PEP
category
Site # Surface condition
2 ^ 3 ' 5 ' 6 ^
CWOOl - - - - - -
CW002 - - - - - -
CW003 - - - - - -
CW004 &20 0.24 0.17 0.17 0.17 0.19
CW005 &25 0J6 0 . 2 1 023 0.18 020
CW006 0.15 &21 0 . 2 1 0.19 027 023
G M +95% conf limit 0 J7 &53 &27 029 0 38 &42
Geometric mean &20 &26 &20 0 2 0 0.20 0 2 4
G M -95% conf limit 0 . 1 0 0.13 0.14 0.13 0 . 1 1 0.13
Standard deviation 
o f log (geomean)
0 . 1 1 0 . 1 2 0.05 0.07 0 . 1 1 0 . 1 0
indicates the unavailability o f Wind tunnel on the sites.
4.3.5 Summary o f PM -10 concentrations -  All PEP groups & All surface conditions
The geometric mean P M -10 values along with 95% confidence limits for all the PEP 
groups under all the six test conditions are tabulated in Table 4.35.
4.3.6 Summary o f ANOVA results within PEP categories across surface conditions 
ANOVA calculations were performed for the individual geometric mean PM -10 
concentrations o f the PEP categories, across the surface conditions. Results are tabulated 
in Table 4.36. There are no significant differences in small wind tunnel PM -10
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concentrations among the surface conditions, within the PEP categories. As a result, 
D uncan’s multiple range test was not performed.
Table 4.35: PM -10 concentrations on all PEP categories and Surface conditions
Surface test 
condition
PEP category
Statistics High Moderate
High
Moderate
Low
Low
Dry, stable GM-k95% 0.37 0.29 0.26 0 . 2 1
GM 0.20 0.20 0.19 0.17
GM-95% 0 . 1 0 0.14 0.13 0.14
Dry, scraped GM+95% 0.53 0.68 029 025
GM 026 0.22 0 . 2 1 0.19
GM-95% 0.13 0.07 0.14 0.14
5nun after wetting GM4-95% 027 0.25 0.30 028
GM 0 20 028 0.16 0.15
GM-95% 0.14 0.13 0.08 0.13
15 min after wetting GM-i-95% 0 29 0.41 025 0.18
GM 0 . 2 0 0.19 0.18 0.16
GM-95% 0.13 0.09 0 . 1 2 0.14
30 min after wetting GM-i-95% 028 022 0.75 0.24
GM 020 0.20 021 0.18
GM-95% 0 . 1 1 0.08 0.06 0.13
60 min after wetting GM+95% 0.42 0.59 0 . 6 8 0.31
GM 0.24 0.23 022 0 . 2 0
GM-95% 0.13 0.09 0.07 0 . 1 2
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Table 4.36; Small Wind tunnel summary of ANOVA results across surface conditions
PEP group F  critical F calculated P-value
High 3 . 1 0 0 . 9 9 0 . 4 5
Moderate High 3 . 1 0 0 2 3 0 2 8
Moderate Low 3 . 1 0 (X58 0 . 7 1
Low 2.62 0 . 9 0 0 . 4 9
*: Results significant at P<0.05 level
4.3.7 Analysis of PM -10 concentrations among PEP categories for each surface condition 
Geometric M ean values of the PM -10 concentration, obtained on one surface condition 
(dry, stable) of all the sites visited on each PEP category are shown in Table 4.37 .Similar 
data on other five surfaces are presented in Appendix C, Sec-C.7, Tables 21 through 25.
Table 4.37: Geometric Mean ± 95% confidence limits of PM -10 concentration on the dry
stable condition in all the PEP categories
S ite# High
PEP
Site# Mod
high
PEP
Site # Mod
Low
PEP
Site# Low
PEP
CWOOl - CW007 - CW016 - CW025 0.14
CW002 - CW008 - CW017 - CW026 0.19
CW003 - CW009 - CW018 CW027 0.14
CW004 0 . 2 0 CWOlO - CW019 0.18 CW028 0.19
CW005 0.25 CW O ll - CW020 - CW029 0 . 2 0
CW006 0.15 CW012 0.19 CW021 -
CW013 0.18 CW022 -
CW014 0.24 CW023 0.17
CW015 - CW024 0 . 2 2
GM+95%conf 0.37 0.29 0.26 0 . 2 1
GM 0 . 2 0 0 . 2 0 0.19 0.17
GM-95%conf 0 . 1 0 0.14 0.13 0.14
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4.3.8 Summary of ANOVA results within surface conditions, across PEP category 
Results of ANOVA calculations on individual site geometric mean PM -10 concentrations 
from the small wind tunnel across PEP categories, within each surface condition are 
summarized in Table 4.38. No significant differences are detected across the PEP 
categories in the small wind tunnel test.
Table 4.38: Small wind tunnel summary o f ANOVA results across PEP categories
F  critical F  calculated P-value
Dry 3 . 7 0 0 . 3 7 0 . 7 7
Scraped 3 . 7 0 1 . 0 4 0 . 2 1
5  min after wetting 3 . 7 0 1 . 6 3 0 . 2 4
1 5  min after wetting 3 . 7 0 1 . 2 4 0 . 3 4
3 0  min after wetting 3 . 7 0 0 . 1 8 0 . 9 0
6 0  min after wetting 3 . 7 0 0 2 2 0 . 8 7
4.3.9 Moist PM -10 concentration as a percentage of dry-scraped value.
Table 4.39 shows the PM -10 concentrations on wet surfaces as a percentage of the 
scraped surface PM -10 concentrations. Fig 4.25 graphically represents the same results 
for all the PEP groups.
Table 4.39: Percentage increase in PM -10 concentration w.r.t “Dry, scrape”
Condition HIGH MOD HIGH MOD LOW LOW
PEP
Dry, scrape 1 0 0 1 0 0 1 0 0 1 0 0
5 min after wetting 77 82 76 79
15 min after wetting 77 8 6 8 6 84
30 min after wetting 77 91 90 94
60 min after wetting 92 104 104 105
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Fig 4.25: M oist PM -10 concentrations as a percentage of scraped surface PM -10
concentrations
Fig 4.25 indicates that the small wind tunnel test also shows that water may produce 
larger PM -10 emission reductions on High PEP soils. This was also shown for the Poof 
test in Figure 4.16. However, in comparison to the Poof test, there is no statistically 
significant reduction of PM -10 with the small W ind tunnel test.
4.3.10 Comparison of Poof and EQM Wind tunnel
Although statistical significance was not determined in the results of the small wind 
tunnel field experiments, trends in tunnel-generated PM -10 were similar to those from the 
Poof test. PM -10 emissions are highest from the High PEP soil and showed a decreasing 
pattern with the PEP classification. PM -10 concentrations were highest on dry surfaces 
and lowest on wet surfaces. Figures 4.26 and 4.27 illustrate the variations in PM -10 
concentrations on both poof and wind tunnel tests, with respect to surface condition. The 
Poof test produced a more easily distinguished PM -10 increase on the dry scraped surface 
than did the small tunnel.
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4.3.11 verification of small wind tunnel speeds
In order to understand why the small wind tunnel did not give PM -10 signal as strong as 
the Poof test, a simple experiment was performed after the field tests were completed. A 
telescoping stainless steel pitot tube, model #166T [Dwyer Instruments Inc., Catalog 
2003] and a TSI Incorporated DP -C alc™  M icro manometer , Model #  8705 [TSI 
catalog, 2003] are used to measure the pressure difference and thereby the velocities at 
the exit of the tunnel. Air velocities were recorded at three speed settings at six elevations 
of the pitot tube from the ground. Average velocities were also measured with a Kestrel 
4000 pocket weather meter. Table 4.40 shows the observed average speeds and standard 
deviations at the six positions. Fig 4.28 shows the same results in a graphical view.
Table 4.40: Small W ind tunnel average speeds and standard deviations at six positions
Speed setting Low Medium High
Equivalent 
1 0 m wind 
speed (m/sec), 
from EQM 
manual
6 . 1 9.9 16.7
13cm from 
ground
3.27±0.05
(n=l)
5.16+0.04
(n= l)
9.02±0.05
(n=l)
1 0 cm from 
ground
3.08+0.05
(n=l)
5±0.13
(n=l)
8.85±0.03
(n=l)
8 cm from 
ground
2.97±0.33
(n=l)
4.92±0.06
(n=I)
8.63±0.03
(n=l)
4cm from 
ground
2.81±0.03
(n=I)
4.44±0.04
(n=l)
7.93+0.04
(n=l)
2 cm from 
ground
2.63±0.04
(n= l)
4.25+0.06
(n= l)
7.75+0.04
(n=l)
1 cm from 
ground
2.41+0.05
(n= l)
4.10±0.03
(n=I)
7.60±0.06
(n=l)
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Fig 4.28: Tunnel velocities under three speed settings at different heights from floor
Reynolds numbers at lab conditions are computed for the flow rate of air using tunnel 
diameter as the characteristic dimension. They are found to be in the range of 26900 to 
78200 indicating turbulent flow. Table 4.41 displays the Reynolds numbers calculated at 
the point of discharge from the tunnel working section.
Table 4.41: Small wind tunnel operating Reynolds numbers at the exit of the tunnel
section
Speed
setting
Average 
velocity at 
8 cm from 
ground (V) 
m/sec
Diam eter 
(D) m
Density of 
air (Pair) 
kg/m^ at 
T= 297°K 
P= 0.94 atm
Viscosity 
of air (Pair) 
kg/m-sec 
at
T= 297°K
Reynolds
number
(NRe)
Low 2 9 7 0.15 1 . 1 0 1.82E-05 2.69E+04
Medium 4.92 0.15 1 . 1 0 1.82E-05 4.46E+04
High &63 0.15 1 . 1 0 1.82E-05 7.82E+04
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Hence, the results show that the velocity profile across the middle of the tunnel is fairly 
flat, characteristic of turbulent flow, with a 20-30% increase from floor to roof.
4.3.12 Controlled measurement of small wind tunnel PM -10 concentrations 
The PM -10 concentrations were also measured in the lab at four positions under the three 
speed settings. The tunnel was operated over a smooth surface table, on which, soil 
(Site#CW 002) was spread to generate the dust. But, unlike the case o f velocities, the PM- 
10 concentrations were measured over a time period of 5 minutes, under three 
progressive speeds. This method is similar to the way that the sites were tested in the 
field. In other words, the PM -10 concentrations could not be at the three speeds. Results 
are tabulated in Table 4.42
Table 4.42: Small W ind tunnel observed arithmetic average PM -10 concentration
±Standard deviation
Speed setting Equivalent 
1 0 m wind 
speed
(m/sec), from 
EQM  manual
4cm from 
ground
8 cm from 
ground
1 0 cm from 
ground
13 cm from 
ground
Low, 100 sec 6 . 1
0.944±0.52 0.58±0.40 0.40±0.25 0.25±0.15Medium, 100 sec 9.9
High, 100 sec 16.7
Fig 4.29 shows the average PM -10 concentration and the standard deviations are plotted 
at the four different heights.
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field
sampling
position
0.4 0.6 0.80 0.2 1
PM -10 concentrations (mg/m3)
Fig 4.29: PM -10 concentrations at the four positions of the sampling tube
Fig 4.29 shows that the sampling tube height in the EQM  small wind tunnel for the 
Summer-2004 field runs was too high (at 10cm from ground) to accurately capture PM- 
10 emissions from the soil surfaces. M easured PM -10 concentrations would likely 
increase by a factor of more than 3, if the TSI sampling tube is set to a lower height in the 
tunnel working section.
The EQM small wind tunnel has a working section that is 4 diameters long.
Number of diameters = working section length/tunnel diameter
Working section length/tunnel diameter = 2ft/0.5ft (60.96cm/15.24cm) = 4.0 diameters
Although the small tunnel’s velocity profile is fully developed, the PM -10 
concentration profile developed in the tunnel is not fully mixed across the tunnel 
diameter at point of discharge. Ten diameters are usually required to fully develop a 
turbulent velocity profile. The wind tunnel’s 4- diameter working section length is
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sufficient to develop a turbulent velocity profile, but is not sufficient to fully mix the PM- 
1 0  concentrations.
4.3.13 Comparison of tunnel flow rate to TSI sampling rate
If the gas velocity inside the sampling probe is the same as the air velocity in the 
surroundings, from which the sample is being taken, then, the sampling condition is said 
to be isokinetic [Neol de Nevers, 2000]. The sampling velocity of the TSI DustTrak™  at 
the nozzle is found to be much lower than the actual velocity of the air blown by the 
EQM small W ind tunnel at a tube height of 8 cm and hence, this sampling condition is 
“Sub-Isokinetic” . De Nevers [2000] predicts that sub-isokinetic sampling will result in a 
higher concentration compared to the true value. Table 4.43 compares tunnel velocities to 
TSI sampling tube velocities. Thus, the sub-isokinetic sampling velocity probably 
increased sampled concentrations over the true value.
Table 4.43: Classification of the sampling regime
Tunnel
speed
setting
U (10)
based on
EQM
table
U measured 
by Kestrel 
4000® 
(m/sec)
U measured 
by pitot 
tunnel 
at center 
line
(8 cm) (Vs)
U computed 
for
DustTrak™ 
8520 at
nozzle
(V n)
comparison Sampling
regime
Low 6 . 1 3.47 2.97± 0.33 &88 Vn< Vs Sub
isokinetic
Medium 9.9 5.15 4.92±0.06 &88 Vn<Vs Sub
isokinetic
High 16.7 K57 8.63+0.03 0.88 Vn<Vs Sub
isokinetic
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4.4 Drop Ball Test on Pie Pans
4.4.1 Depths of Pits formed
The Arithmetic means of depths of pits formed on the surface of pie pans for different 
amounts of water sprayed on all the PEP categorized soils are shown in Table 4.44. Pit 
depths formed on individual site soil samples are presented in Appendix C, Sec- C .8 , 
Tables 26 through 29 on all the four PEP categories.
Table 4.44; Arithmetic mean ± stdev of Depths of pits formed (mm)
W ater sprayed 
(inches)
PEP categorized soils (Depths of the pits formed)
HIGH 
(n= 6 )
M OD HIGH 
(n=8 )
MOD LOW 
(n=9)
LOW
(n=3)
0.05 0.15±0.03 0.18±0.05 0.12±0.05 0.08±0.01
0 . 1 0.17±0.06 0.20+0.05 0.14±0.04 0.12±0.15
0.15 0.19+0.06 0.22±0.04 0.17±0.07 0.II±0.06
0.20 0.23±0.09 0.25±0.09 0.23±0.10 0.14±0.04
0.30 0.29±0.04 0.33±0.16 0.27±0.10 0.24±0.05
n = number of different soil samples tested
The depths of the pits formed on the pie pans, increased with increasing amounts of water 
sprayed on the soil surface. For equal drying times and room conditions, the depths 
formed by the ball dropped were highest on the pan sprayed with 0.30” of water and were 
least on the pan that is sprayed with 0.05” of water (Fig 4.30). Figure 4.30 shows the 
summary of all the depths formed with respect to the surface condition.
From Figure 4.30, pit depths are highest on the Moderate High PEP soil and are least on 
Low PEP soils. Fig 4.31 illustrates the variation in depths formed on High PEP and 
Moderate High PEP soils.
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Fig 4.30; Depths of pits formed (mm) vs. water sprayed (inches)
0.15’ 0 . 20” 0.30”
High
Soil CW003
Moderate
High
Soil CW012
Fig 4.31; comparison of Low and Moderate High soils
4.4.2 Ball drop test -Summary o f ANOVA results for pit depths across depths of water 
sprayed
The significance of the results across amounts of water sprayed within each PEP group is 
tested at p< 0.05 (5% significance level) using a one-way ANOVA. ANOVA was
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performed on the individual pit depth data used to compute the means presented in Table 
4.43. Results of the ANOVA are presented in Table 4.45
Table 4.45: Summary of ANOVA results across depths of water sprayed
PEP category F critical F calculated P-value
High 2 J 5 8 5TW8* 0.004
Moderate High 2.605 1.845 0.139
Moderate Low 26 0 5 5.566* 0 . 0 0 1 1
Low 2 8 6 6 11438 0.779
*: Results significant at P<0.05 level
High and Moderate Low PEP soils showed significant variation in pit depth with sprayed 
water depth.
4.4.3 Ball drop test -Duncan’s multiple range test, across depths of water sprayed 
With significance found from the ANOVA analysis in High and Moderate Low soils, 
Duncan’s Multiple Range test is performed to identify the significant differences among 
pit depths for different amounts of water sprayed in these two PEP categories. Results are 
summarized in Table 4.46
In High and Moderate Low PEP soils, crusts made with 0.30” of water are significantly 
weaker than crust made with 0.05” to 0.15” of water. It can be inferred from this result 
that water application exceeding 0.15” (0.38cm) starts to weaken crusts in High and 
Moderate Low PEP soils.
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Table 4.46: Result of Duncan’s Multiple Range test across depths of water sprayed within
PEP groups
PEP group Significantly different means at P<0.05
HIGH 0.2”>0.05”,
0.3”>0.05’’,0.3”> 0 .1 ” , 0.3”> 0 .15”
M ODERATE HIGH Not tested -  No significance in ANOVA
M ODERATE LOW 0.2”>0.05”, 0.2”>0.15” 
0.3”>0.05”, 0.3”>0.1” , 0.3”>0.15”
LOW Not tested -  No significance in ANOVA
4.4.4 Ball drop test - Summary o f ANOVA results across PEP categories.
This section describes tests on the significance o f PEP groups in estimating the crust 
formation properties o f the soils. ANOVA is run across the four PEP groups, at 5% 
significance level within each sprayed water depth category. Table 4.47 shows the 
results.
Table 4.47: Summary o f ANOVA results across PEP categories
Water sprayed (inches) F  critical F  calculated P-value
0.05” 10 7 3.33+ 0 . 0 3
0 . 1 0 ” 1 0 7 4.47* 0 . 0 1
0.15” 1 0 7 126* 0 . 0 4
0 .2 0 ” 1 0 7 1 . 8 2 0 . 1 7
0.30” 1 0 7 3dW* 0 . 0 5
Significance among the PEP groups is observed on all the depths o f water sprayed except 
at 0.20”. In order to identify which PEP groups are different. Student’s t- test is
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performed. D uncan’s M ultiple Range tests could not be performed because sample sizes 
are unequal.
4.4.5 Ball drop test- Two sample t- test for significant results in ANOVA, across PEP 
categories
Student’s t- test is done on the significant results from ANOVA across PEP categories. A 
summary of results o f the t-test calculations are tabulated in Table 4.48
Table 4.48; Ball drop test - Results of Two sample t- test for significance across PEP
categories
Depth of water 
sprayed (inches)
Significantly different means at P<0.05
0.05” Mod High> Mod Low, M od High >Low
0 . 1 ” Mod High>High, Mod High > M od Low, 
M od High > Low
0.15” M od High>High, Mod High > M od Low, 
Mod High > Low
0 .2 ” Not tested -  No significance in ANOVA
0.3” Mod High > Mod Low, M od High > Low
From these results, it is evident that for most applied water depths, the Moderate High 
PEP group exhibited significantly greater pit depths than the other PEP categories. 
Hence, it can be inferred from this result, that Moderate High soil forms the weakest 
crust. Hence, it is the most easily penetrated of all the PEP categories, irrespective of the 
amount of water sprayed.
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4.5 Infiltration Rates
4.5.1 Infiltration rates vs. PEP categories
The in-situ field infiltration rates obtained from the two infiltrometers are compared 
based on PEP category. The infiltration rates are the highest on M oderate High PEP soils, 
and lowest in Low PEP soils. This pattern is observed in both the infiltrometers -  the 
double ring and the UNLV bucket. Table 4.49 illustrates the infiltration rates obtained at 
each site on the High PEP category. Data on the other three PEP categories is shown in 
Appendix C, Sec- C.9, Tables 30 through 32. The arithmetic means and standard 
deviations calculated for each PEP category are presented in Table 4.50
Table 4.49: Infiltration rates in inches/hr in the High PEP category
High PEP category Infiltrometers
Standard Double ring UNLV made
CWOOl
CW002 5.5 4.8
CW003
CW004 3.5 3.2
CW005 3.5 4.8
CW006 5.2 5.2
Arithmetic Mean 4.4 4.5
Figures 4.32 and 4.33 show the arithmetic mean infiltration rates along with standard 
deviations for the standard and bucket infiltrometers respectively. The rates are highest 
on the Moderate High PEP soil.
129
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Table 4.50: Arithmetic mean ± stdev for Infiltration rates with respect to PEP group
(inches/hr)
PEP category Infiltrometers
Regular double UNLV bucket
High 4 .4±I.I (n=4) 4.5±0.9 (n=4)
M oderate High 6.2±2.3 (n=7) 5.9±2.I (n=7)
M oderate Low 4.9±2.2 (n=7) 5.4±2.8 (n=7)
Low 3.5±2.2 (n=4) 3.4±L2 (n=4)
10
o
high mod high mod low low
PEP category
Fig 4.32: Standard double ring infiltrometer on PEP soils
10
high mod high mod low
PEP category
low
Fig 4.33: UNLV Bucket infiltrometer on PEP soils
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4.5.2 Infiltration rates vs. Hydrologie Soil groups
In this section, average infiltration rates computed based on reclassifying the soils 
into the hydrologie soil groups A, B, C, and D. Individual site infiltration rates on the 
Hydrologie soil group A are shown in Table 4.51. Infiltration rates on the other three soil 
groups are shown in Appendix C, Sec- C.IO, Tables 33 through 35. Table 4.52 shows the 
pattern of infiltration rates on the four hydrologie soil groups. Infiltration rates decline 
steadily from soil group A to soil group D. This pattern follows expected infiltration rates 
of the major hydrologie classifications. [Viessman and Lewis, 2003]. Figures 4.34 and 
4.34 show arithmetic mean infiltration rates and standard deviations for the double ring 
and bucket infiltrometers respectively.
Table 4.51: Infiltration rates in Inches/hr on the sites in which the infiltrometers were 
accessible on the Hydrologie soil group- A
Soil group A Infiltrometers
Standard Double ring UNLV made
CWOOl 9 8 . 8 4.0
CW0023 6 . 0 9.2
CW0026 6.7 4.8
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Table 4.52: Arithmetic mean ± stdev for Infiltration rates with respect to Hydrologie soil
groups (inches/hr)
Hydrologie 
Soil group
Infiltrometers
Regular double ring UNLV bucket
A 7.1±1.4 (n=3) 6.0±2.8 (n=3)
B 5.3±2.0 (n=I3) 5.1±2.1 (n=I3)
C 4.4±L4 (n=2) 4.3±L6 (n=2)
D 2.9±L8 (n=3) 3.6±1.0 (n=3)
10.0
8.0 -
6.0
4.0 -
2.0
0.0
DA B C  
Hydrologie soil group
Fig 4.34: Standard double ring infiltrometer on Hydrologie soil groups
4.5.3 UNLV bucket infiltrometer vs. Standard double ring infiltrometer 
The infiltration rates from all 22 individual sites obtained from the UNLV bucket 
infiltrometer are plotted against the infiltration rates of the standard double ring 
infiltrometer (Fig 4.36). Student’s t-test was performed to evaluate the significance of the 
correlation coefficient. The correlation is significant at p<0.05 level, with a r^ value of 
approximately 0.58.
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D
Fig 4.35; UNLV bucket infiltrometer on Hydrologie soil groups
y = 0.7043x+ 1.5432
Standard double ring
= 0.57610.0
ij  6.0
!..
P
2.0
0.0
2.0 4.0 10.00.0 6.0 8.0
(n=19)
Fig 4.36: UNLV bucket vs. Standard double ring; Infiltration rates (inches/hr)
The significance of correlation observed in Fig 4.43, is tested using the formula [Alder 
and Roessler, 1972]
(4.3)
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W here, t = Student’s t- distribution, with n-2 degrees of freedom 
= correlation coefficient 
n =  number of samples (19 sample points in Fig 4.43) 
Calculation:
ĉaic = 0.576 -  [ V i w o .5 7 6 ) '} -  (19 -  2)] -  2.905
to.05 from Table 1, Appendix A for (n =17) and 5%level of significance = 2.110 
From the above values, teak > tom ■
So, the correlation coefficient of 0.576 is considered significant at p<0.05 level. This 
means that the UNLV bucket infiltrometers’ observed infiltration rates reasonably 
correlated with rates obtained from the double ring infiltrometers. The slope of 0.704 
indicates that on average, rates obtained from the UNLV bucket infiltrometer were 70% 
of the standard double ring infiltrometer.
4.5.4 (a) Summary of ANOVA results across infiltrometers using PEP categories 
The significance of infiltrometer type in determining the infiltration rates is tested within 
each PEP category using ANOVA, at p < 0.05. Results are shown in Table 4.53. Results 
show that there was no significant difference between infiltrometers within each PEP 
category.
Table 4.53: Summary of ANOVA results across infiltrometers within PEP categories
Hydrologie 
soil group
F  critical F  calculated P-value
A 1 8 . 5 1 0 . 0 8 0 . 8 0
B 4 . 4 9 1 . 8 6 0 . 1 9
C 7 . 7 0 0 . 0 4 0 . 8 4
D 5 . 1 1 0 . 3 2 0.58
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4.5.4 (b) Sum m ary of ANOVA results across infiltrometers within Hydrologie soil 
groups
Significance o f infiltrometers is also tested within the Hydrologie soil groups. Table 4.54 
displays the results.
Results from Table 4.54 show that infiltration rates from the two infiltrometers were not 
significantly different across the Hydrologie soil groups.
Table 4.54: Summary of ANOVA results across infiltrometers within Hydrologie soil
groups
Infiltrometers F  critical E  calculated P-value
1 2 ” double ring 3.15 2 3 7 0 . 1 0
UNLV Bucket T28 3 .99* &028
4.5.5 Summary of ANOVA results across soil groups
The significance of observed infiltration rates across the PEP and the Hydrologie soil 
groups within each infiltration were tested by one-way ANOVA. The results of the 
ANOVA calculations are tabulated in Table 4.55 and Table 4.56.
Table 4.55: Results of ANOVA across PEP soil groups, within infiltrometers
PEP F  critical F  calculated P-value
High 5.98 0.31 0 59
Mod high 4.96 0.42 0 3 3
Mod Low 4 3 4 0 . 0 1 0.90
Low 5 3 3 0 . 0 1 0.90
*■: Results significant at P<0.05 level
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Table 4.56: Results of ANOVA across Hydrologie soil groups, within infiltrometers
Infiltrometers F  critical F  calculated P-value
1 2 ” double ring 323 Z43 0 . 1 0 2
U N L V  Bucket T49 :L61 0.098
Results from Tables 4.55 and 4.56 show that the UNLV Bucket infiltrometer deteeted 
significant differences in infiltration rates, across the PEP categorized soils. A two 
sample Student’s t- test was performed to observe the significant differences.
4.5.6 Two sample t- test for from ANOVA, across PEP categories
Results o f the two-sample Student’s t-test on significant results from Table 4.55 are
shown in Table 4.57
Table 4.57: Result o f Two-sample t-test across PEP category within infiltrometers
Infiltrometer Significantly different means at P<0.05
1 2 ” regular Not tested -  No significance in ANOVA
UNLV Bucket Mod high>High, Mod high > Low
Moderate High PEP soil showed infiltration rates that were significantly higher than High 
and Low PEP soils when tested with the UNLV bucket infiltrometer. No significant 
differences in the infiltration rates were observed, on the hydrologie soil groups, even 
though infiltration rates followed the expected trend based on hydrologie classification. 
The reason for this result might be attributed to small sample sizes o f  the Hydrologie Soil 
group tests and inherently high variability in Las Vegas Valley soils.
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4.6 Discussion on Comparison among the Tests Conducted
4.6.1 Comparison of tests on dry-scraped soil surfaces
The Poof and W ind tunnel tests are compared in this section, with respect to effect of 
scraping on soil surfaces. Significance of % increase in PM -10 concentrations obtained 
on the dry-scraped surfaces, compared to dry-stable surfaces, on both the test methods is 
tested by one-way ANOVA. All the data points from all the sites, on each PEP category, 
are used in calculating the results of ANOVA. Table 4.58 illustrates the results obtained 
from ANOVA, across the Poof and W ind tunnel tests within the PEP categories.
Table 4.58: ANOVA results on “Effect of scraping” - across Poof and W ind tunnel tests,
within PEP categories
PEP F  critical F  calculated P-value
High 5.59 &87* 0 . 0 3
Mod high 4 . 9 6 2 3 6 0 . 1 5
Mod Low 4 . 9 6 835* 0 . 0 1 3
Low 5 . 5 9 0 . 2 0 0 3 6
: Results significant at P<0.05 level
High and Moderate Low PEP soils showed significant differences among the Poof and 
W ind Tunnel test PM -10 concentrations, on scraped soil surfaces. To identify the 
significant differences between these two tests, a Student’s t- test is performed. Results 
are tabulated in Table 4.59. Poof test site mean PM -10 concentrations were significantly 
higher than wind tunnel test concentrations, in the High and Moderate Low PEP 
categories
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Table 4.59: Result of two-sample t-test across Poof and Wind tunnel tests, within PEP
categories
Infiltrometer Significantly different means at P<0.05
High Poof>W ind tunnel
Moderate High Not tested -  No significance in ANOVA
Moderate Low Poof> Wind tunnel
Low Not tested -  No significance in ANOVA
4.6.2 Comparison of tests on wetted soil surfaces
Results obtained on the wetted surfaces of Poof, Scrape and W ind tunnel tests are tested 
for significance among the tests conducted. One-way ANOVA is performed on the % 
decrease of PM -10 concentrations obtained on 5- min after wetting surface with respect 
to the Dry-stable surface. A comparison is made among the three tests that measure the 
“5- min after wetting” . Table 4.60 shows the results of ANOVA comparing results from 
the three test methods.
Table 4.60: ANOVA results on “Effect of wetting” - across Poof, Scrape and Wind
tunnel tests, within PEP categories
P E P F  critical F  calculated P-value
High 3 3 8 838* 0 . 0 0 4
Mod high 33 5 4533* 8 . 6 4 E - 0 8
Mod Low 33 5 2333* 1 . 0 3 E - 0 5
Low 3 3 8 3239* 1 . 4 8 E - 0 5
*.: Results significant at P<0.05 level
The ANOVA results show that the three tests are significantly different on all the four 
PEP categories. In order to identify which tests are significantly different. Student’s t- 
test is performed and the results are tabulated in Table 4.61
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Table 4.61 : Result of Two-sample t-test across Poof, Scrape and Wind tunnel tests,
within PEP categories
Infiltrometer Significantly different means at P<0.05
High Poof>Scrape, Scrape> Wind tunnel
M oderate High Poof>Scrape, Poof > W ind tunnel 
Scrape> Wind tunnel
M oderate Low Poof>Scrape, Poof > W ind tunnel, 
Scrape>Wind tunnel
Low Poof > Wind turmel, Scrape > W ind tunnel
The Poof test produced significantly higher percentage reductions compared to the other 
two tests, with respect to % decrease in PM -10 concentrations on a wetted soil surface. 
O f all the three tests, the current Wind tunnel test was the poorest at generating PM -10 
concentrations after spraying water. The reason for this inefficiency o f the Wind tunnel in 
picking up the PM -10 concentration reductions is the misplacement o f the sampling tube 
as discussed in Section 4.3.12. The resolution o f the W ind tunnel can be improved, by 
placing the sampling tube in a position nearer to the soil surface, where PM -10 
concentrations are higher.
4.6.3 Percentage decrease in PM -10 concentrations one hr past application o f water 
Reductions in PM -10 concentrations after one hr (60 min) o f application o f water are 
calculated on both Poof and Wind tunnel tests. These reductions show the retained 
effectiveness o f  moisture in reducing PM -10 concentrations by the PEP grouped soils up 
to one hr, on hot summer days, with average air temperature o f 92.4°F, which in turn 
result in the estimation o f  rewetting time o f the soil surfaces. The % reductions from both 
the tests are tabulated in Table 4.62
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Table 4.62: % Reductions of PM -10 concentrations up to one hr past application of water
PEP category Percentage reduction in PM -10 concentration 
after one hr
Poof test W ind tunnel test
High 92 7.6
Moderate High 83 4.5
Moderate Low 81 4.7
Low 74 5.2
4.6.4 Current results compared to Literature
Poof, Scrape and W ind tunnel tests are compared to the results obtained from various 
sources in literature for reduction of wind blown PM -10 concentrations. The typical 
water application rates, applied depths, frequency of wetting, and efficiency of wetting, 
and the type of work area tests are compared with average values obtained from the three 
field tests in Table 4.62.
From Table 4.63, current field experiments can be compared closely to those by 
Fitz and Bumiller [2000], with respect to the application rates, wetting frequency and the 
efficiency obtained. The control efficiencies of the Poof and Scrape tests are similar to 
almost all the previous works presented, except for the literature on active working areas. 
The small wind tunnel’s control efficiencies are not comparable, due to the limitations 
observed in Sec- 4.3.11. The rewetting frequencies recommended by other studies are 
closely matching with the Poof and Small W ind tunnel’s wetting frequencies.
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4.7 Results from Tests on HH2 theta probe type ML2X
The results from the three tests conducted on the HH2 ML2X data logger are presented 
together in Table 4.64. The table exhibits the bulk densities of the four types of soils, the 
increase in moisture content (%vol) due to increments of water added and the moisture 
contents (%mass) obtained from the ASTM  D 2216-98 conducted on the soils.
Fig 4.37 and Fig 4.38 show,
1. Conversion of moisture content (%vol from meter) to (%mass from ASTM) and
2. Moisture content (%mass, calculated from Bulk densities) to moisture content 
(%mass from ASTM) respectively.
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Table 4.63: Comparison o f results from field methods to literature
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Type o f work 
area
Source % efficiency 
in PM -10 
reduction
Application
rate
(vol/area)
Application
depth
Required moisture 
content (%weight)
Frequency 
o f wetting
Unpaved surface U.S.EPA
[Rosbury,1985]
1 0 0 0.566 L/m" 0.057cm 
(0 . 0 2  inches)
--- 20-30
minutes
Fitz and 
Bumiller 
[2 0 0 0 ]
90 6.33 L/m'! ^  0.508cm 
(0 .2 -inch)
4% net increase 
compared to raw 
moisture content
Every 1 hr
Current Field  
experiments
86 (Poof)
6 (Small EQ M  
Wind Tunnel)
2 5 4
L/m^
0.254cm  
(0.1-inch)
4.20 % weight Every Ihr
95 (Scrape) 2 5 4
L/m^
0.254cm  
(0.1-inch)
7.45% weight 5 min
Active 
construction 
working area
Cowherd et al 
[2003]
50 0.9053
L/m^
Every 1 hr
U.S.EPA
[Rosbury,1985
50 4.074L/m" 0.41cm 
(0.16 inches)
--- Every 1 hr
Davis [2002] 8 6 --- --- 2 % by weight ---
Storage piles U.S.EPA
[Rosbury,1985]
80-90 --- --- --- Every 1 hr
Fitz and 
Bumiller 
[2 0 0 0 ]
83 2 . 2  L/m^ 3.5 times increase 
compared to raw 
moisture content
Concrete 
Pavement /slab 
breaking
Echt et al 
[2003]
90 0.35 L/min Continuous 
during work
Throbe et al 
[1999]
97 0.5 L/min --- --- Continuous 
during work
Table 4.64: Summary o f  results from tests done on HH2 M L2X data logger (Mean o f 2
measurements)
Soil type 
(bulk density 
gm/cm^)
Volume of
water
added(ml)
Raw moisture 
content (%vol) 
Read by 
HH2ML2X 
meter
Moisture content 
(%mass), 
calculated from 
meter readings 
and bulk 
densities
Moisture 
content 
(%mass), 
measured by 
ASTM D 22lb- 
98 method
High 0 3.10 1.99 1.15
( 1.56) 1 0 537 3.43 235
2 0 833 538 330
45 1330 833 938
75 19.37 1238 14.0
Moderate 0 4.13 238 133
(136) 15 933 5.91 433
45 13.37 838 839
85 19.60 1239 1333
Moderate 0 243 1.45 034
(E&O 25 633 336 435
40 8.47 536 630
60 13.10 737 939
85 19.37 11.61 12.14
Low(1.57) 0
15
35
50
5.43
833
13.57
19.07
3.47
5.41
834
12.08
233
438
7.44
10.81
The values on the X-axis are the volumetric moisture contents recorded by the HH2 
ML2X data logger and the values on Y-axis are the corresponding gravimetric 
moisture contents calculated by the ASTM D 2216-98 method. These graphs are 
plotted for the High PEP soil (Fig 4.36 and Fig 4.37). Similar graphs on the other 
three PEP groups are presented in Appendix C, Sec-C.l 1, Figures 6  through 8
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High PEP curve y = 0.8284x- 1.9565 
= 0.993
1 6
12
8
4
0
15 250 5 10 20
m oisture content (vol% ) by m oisture meter
(n=9)
Fig 4.37: High PEP category- Moisture content (%mass) by ASTM method vs. Moisture
content (vol %) by meter
The significance of correlation is tested using the formula t = r ^[^J{I -  r '  ) ^ (n -  2)]
Where, r = 0.993, n = 9 
Substituting the values, tcai =22.24
From Table 1 in Appendix A, for n=7, and 5% significance level, tom = 2.365 
As teal > tom, the correlation coefficient =0.993 is considered significant at p<0.05 
The correlations observed on Moderate High, Moderate Low and Low PLP categories, 
when moisture content (mass %) by ASTM method is plotted against moisture content 
(Vol %) by moisture meter, are also significant, at P<0.05.
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High PEP curve y -  l.0508x 
= 0.9562
< 1 2
8 164 120
moisture content (%mass) by moisture meter
(n=9)
Fig 4.38: High PEP category- Moisture content (%mass) by ASTM method vs. 
Calculated Moisture content (mass %) by meter
Performing the student’s t- test for significance in correlation, of % mass by ASTM 
method on % mass by HH2 meter, (R^ = 0.9562), it is found that the correlation is 
significant at P<0.05. The correlations observed on Moderate High, Moderate Low and 
Low PEP categories. Plots are presented in. Appendix C, Sec- C.12, Figures 9 through
11.The slopes of the graphs of %mass by ASTM method vs. HH2 volumetric moisture %, 
are shown in Figs 4.39 and 4.40 for the four PEP soil categories. Fig 4.39 corresponds to 
the slopes of High, Moderate High, M oderate Low and Low soils.
Similar plot is shown in Fig 4.40, when, %mass by ASTM method are plotted against 
calculated %mass by meter.
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Fig 4.39: Comparison of Moisture content (Mass% vs. Vol %) on the PEP groups
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Fig 4.40: Comparison of Moisture content (Mass% vs. Mass %) on the PEP groups
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The results obtained from the HH2ML2X moisture meter show that the meter is a reliable 
instrument to measure moisture contents. The correlations found between the mass% 
moisture measurement by ASTM method and volumetric moisture measurement by the 
meter on all the four PEP categories of soils are found significant at p<0.05. In other 
words, the slopes o f the calibration curves that convert volumetric moisture contents to 
mass% moisture contents are significant at 5% level of significance. Moreover, 
calculated mass% moisture contents from the meter are also significantly correlated to the 
mass% moisture content from ASTM method, on all the four PEP groups, at 5% level of 
significance.
The overall calibration curve for ASTM mass moisture % vs. HH2 volumetric moisture 
%, which is a result of pooling all the data points on the four PEP categories, is shown in 
Figure 4.41. Regression of all ASTM mass moisture % on all ITH2 volumetric moisture 
% produced an r^ o f 0.9463; which was statistically significant at p<0.05 level.
y = 0.7708x- 1.2594
R- = 0.9463
18.0
16.0
14.0
6.0
4.0
2.0
0.0
20.010.0 15.0 25.05.00.0
volume % by HH2 meter 
Fig 4.41: Overall Calibration curve for ASTM  mass % vs. HH2 meter vol%
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CHAPTER 5
SUMM ARY AND CONCLUSIONS
5.1 Relationship of PM -10 to PEP classifications
The poof, scrape and the wind tunnel tests consistently showed that the High PEP soil 
emitted the highest PM -10 concentrations, the Moderate High soil gave moderate 
emissions, and the Moderate Low and Low soils emitted low and least concentrations 
respectively. The pattern was observed on the various surface conditions, including dry- 
stable, dry- scraped, or moist. These experimental results confirm the expected pattern of 
PM -10 concentrations on PEP categorized soils.
5.2 Effect of scraping
The Poof test showed that scraping the surface resulted in a significant increase in 
PM -10 concentrations. This result is obtained based on the ANOVA calculations across 
surface conditions on both the tests. The Poof test was found to more clearly distinguish 
between emissions from crusted and scraped surfaces than the W ind tunnel test and the 
Poof test more nearly depicted the wind conditions. The removal of crust which depicted 
the actual grading process on construction sites resulted in a 55 ± 40 % (Average ± 95% 
confidence limit) rise in PM -10 concentrations in Poof test and 13 ± 12 % in wind tunnel
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tests. This increase in PM -10 concentrations is due to the availability of a large reservoir 
of suspendable material beneath the soil crust. [Wayne, 2000].
5.3 Effect of wetting
The Scrape, Poof and Wind tunnel tests can be ranked in this order, in regard to their 
sensitivity to generate and detect PM -10 reductions on wetting condition. The wetting of 
soil surfaces with 0.1” of water showed significant PM -10 control efficiency. The 
reduction in PM -10 emissions was 93 ± 2 % in scrape test, 84 ± 10 % in poof test, and 21 
± 4 % in wind tunnel test.
5.4 Rewetting time
W ater was able to suppress PM -10 emissions for at least 60 minutes on hot summer 
days, with normal winds of 7-18 mph and ambient temperatures of 90°F -110°F. Poof test 
PM -10 concentrations showed an increasing pattern with increasing elapsed times after 
wetting. Although the concentrations after 60 minutes did not equal the initial 
concentrations from a dry-stable surface, the increase in concentrations compared to the 
initially wet condition, showed that the sites needed to be rewetted after 60 minutes.
5.5 Moisture content
The ambient (dry-stable surface) moisture contents typically ranged from 1.5 % to 
3.5% by volume (with exception to some rainy days) and from 15% to 22% by volume 
on wetted surfaces five minutes after water application. The moisture contents obtained 
on a surface dried for 60 minutes ranged from 4.5% to 8.4% by volume. Dust emissions
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remained controlled under soil moisture contents varying in the range of 8.0% to 20 % by 
volume.
5.6 Pie Pan crust results
Results from pie pan ball drop tests showed significant variations in strength on 
different PEP categories. For equal amounts of water applied and equal drying times, the 
Moderate High PEP soil showed the weakest crust and the Low PEP soil showed the 
strongest crust. The High PEP soil showed stronger crust than Moderate High PEP soil, 
however its strength was weaker than the Moderate Low PEP and Low PEP soils. 
Additionally, pit depths consistently increased with increasing amounts of water sprayed, 
indicating that wetter soils were weaker soils. Results of ANOVA across surface 
conditions, within the Hydrologie soil groups, and PEP categorized soils also showed that 
wetter surfaces formed weaker crust.
5.7 Relationship of infiltration rates to Hydrologie soil groups
Although not significant at P<0.05 level, field results showed that hydrologie soil 
groups A, B, C, and D have decreasing infiltration rates respectively in the order 
mentioned. This result matched the NRCS predictions about the infiltration rates of the 
soil groups.
5.8 Relationship of infiltration rates to PEP categories
The infiltration rates obtained from both the infiUrometers exhibited similar patterns 
on PEP categorized soils. The rates were highest on Moderate High PEP soil and
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decreased with High, M oderate Low and Low PEP soils respectively. Rates significantly 
differed among several PEP categories when measured by the Bucket infiltrometers, but 
not by the standard double ring infiltrometer.
5.9 Relationship of Infiltration Rates to W ater Application Rates
W ater application rates from the water trucks on construction sites typically range 
from 0.5 to 2.0 mm/sec [Paul S., 2004]. These application rates are much greater than the 
typical infiltration rates observed in this study, ranging between 0.02 to 0.035 mm/sec. 
The ratio of infiltration rate to application rate ranges from a factor of 0.0167 to 0.04 
[James, 2004]. This shows that water infiltrates at a much slower rate than the usual rates 
of application from trucks.
5.10 UNLV Bucket Infiltrometer evaluation
In regard to the infiltration equipment used, the UNLV made bucket infiltrometer 
gave the same pattern of results as the standard double ring infiltrometer. Moreover, the 
standard double ring infiltrometers proved unsuitable on rocky soils of Las Vegas Valley, 
for it is hard to insert the infiltrometer to the desired depth. Hence the UNLV made 
bucket infiltrometer might be a more reliable, tool to measure infiltration rates on hard 
soil surfaces.
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5.11 HH2 ML2X moisture meter
Using the established correlation over all soil groups, in Section 4.7, a measured 4.1 
vol% moisture, on average translated to 2.0% ASTM mass moisture %. This 
measurement can be made in a few minutes, where the ASTM test takes 12-16 hrs.
HH2 volume% readings can be converted to mass% readings through measurement of 
soil bulk densities. Regression of ASTM mass moisture% on HH2 mass% estimates 
produced an r^ of 0.9319, which is statistically significant at the P< 0.05 level. 
Converting on volumetric measurements to mass measurements, an estimated 1.9% HH2 
mass moisture % corresponds to 2.0% ASTM mass moisture%. The correlation, along 
with the least squares line are shown in Fig 5.1
y =  1.0757X 
R" = 0.9319
18.0
16.0
0.0
20.00.0 5.0 10.0 15.0
mass% by HH2 meter and dry bulk density 
Fig 5.1: Overall Calibration curve for ASTM mass % vs. HH2 meter mass%
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CHAPTER 6
FUTURE W ORK AND RECOMMENDATIONS
6.1 Poof test recommendations
The poof test was effective in disturbing the surface with the air pulse. However, it was 
difficult to measure the air pulse velocity at short distances. It is recommended that the 
velocities at short distances measured with a large number scale, a video camera with 
elapsed time clock and smoke generator.
The air pulse generated by the Airzooka™  is easily affected by the wind direction and 
wind speed. Cross winds can deflect the air pulse thereby reducing the intensity that hits 
the target. A simple flexible sewer ventilation duct could be connected to the open end of 
Airzooka™ and extended to the soil surface to develop a test that might be less sensitive 
to cross winds.
The criterion for performing the Poof test is that, the time required to displace the air 
pulse laterally (ty) exceeds the time required for it to travel to the target (tx).This criterion 
can be clearly understood from Fig 6.1
Assuming the criterion that the air pulse cannot be displaced by more than D/4 in order to 
still hit the soil, ty can be defined as
Time required to displace the pulse laterally (ty) = displacement/velocity = (D/4)/Vy 
tx is defined based on the length and speed of travel of the air pulse.
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Time required to travel to target (t%) = length of travel/air pulse speed = LJUpuise 
From the above discussion, the test can be performed when, ty> tx,
ty> tx = (D/4)/Vy > L^Upulse — { {D  -i- 4) X [/ } -̂  > Vy................................................6.1
Hence, it can be concluded that. Poof tests should not be performed if  the cross wind 
speeds (V),) exceed the air pulse speed calculated from the formula {(D  4) x
Where, D  -  Diam eter (width) of the air pulse, m 
U- Velocity of the pulse, m/sec 
Lx -  length of the air pulse, m 
Numerically, D  = 10.5” = 26.6cm -0.26m ; U = 5.6 m/sec and = 4.3ft -  1.31m 
Substituting into equation 6.1,
^  (0.26/4*6.7)71.31 =0.277 
Therefore Vy should not exceed 0.277 m/sec. This means that the current Poof test must 
be conducted in very calm air to be reliable. Addition of a sewer duct to convey the air 
pulse to the target might greatly decrease sensitivity to cross winds.
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Airzooka™
Y -direction
X -direction
Patch o f  soil
Fig 6.1: Criterion for Poof test
6.2 Scrape test recommendations
The scrape test currently is a two-person test, where one person drags the shovel and the 
other needs to hold the TSI DustTrak™  which is connected to the shovel by PVC tubing. 
A more compact and convenient tool might be developed by hanging a small cradle at the 
shovel handle; then one person dragging the shovel can turn off the TSI DustTrak™  
within a couple of seconds after ending the drag. This way, the scrape test could become 
a one-person test.
6.3 EQM  small wind tunnel recommendations
It is found from the results that of EQM small Wind tunnel that recorded PM -10 
concentrations were low when compared to those observed in the Poof test. One of the
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reasons m ight be that the number of sites visited with the wind tunnel was about half (15) 
out of the sites done with the poof test(29). It is recommended that more sites be tested 
using the small EQM wind tunnel along side the Poof test for better results. The other 
reason might be that, the position of the TSI sampling tube in the small tunnel which was 
placed at 10cm from the ground. Subsequent lab experiments showed that the PM -10 
concentrations to be much lower at sampling height 10cm than they were at 3cm. This is 
likely occurred because the plume growth was not fully developed inside the tunnel’s 
short working section. Fig 6.2 illustrates a schematic of the expected plume growth, the 
applied position (1) of the TSI sampling tube and the recommended position (2).
It is recommended that either
(a) The position of the sampling tube be changed to a lower position in order to more 
efficiently capture the generated dust
(b) The length of the tunnel working section be increased from 4 diameters to 8 
diameters to allow the turbulent plume to develop across the entire cross section 
Diameters = length of tunnel// diameter of working section
Original diameter -  24”/6” = 4
Recommended diameter = 48”/6” =8 or
(c) A tripping plate and short honey comb be installed that forces mixing and a more 
uniform velocity distribution be developed
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1
2
Plume growth
1: Position of the sampling port on the field experiments, at 10 cm from floor 
2: Position of the sampling port, recommended for future, at 3cm from floor 
Fig 6.2: Solution (a): EQM Small W ind tunnel comparing the sampling positions
Fig 6.3: Solution (b): Recommended Extended working section (not to scale)
I i
Tripping plate Honey comb 
Eig 6.4: Solution (c): Recommended Tripping plate or honey comb arrangement
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6.4 Infiltration test recommendations
The closed cell foam seals used for the UNLV-made infiltrometer do not retain their 
compressive nature for more than 7-8 working days of use on the rocky soils in the 
valley. It is suggested that seals be replaced weekly. More powerful adhesives might be 
utilized so that the foam does not come off due to repeated wetting and excessive 
compression.
Surfactants are known to increase water infiltration rates on some soils, thereby reducing 
the amount of runoff water. Some preliminary tests with one surfactant -  Jet Dry®, a 
commercially available automatic dishwasher sheeting agent, showed a 20% to 30 % 
increase in the infiltration rates. [James et al, 2004]. More samples of surfactants such as 
Jet Wet™ , Aqua Bond™ , and 7509 Emulsifier manufactured by Poulenger USA, 
Inc.[Broacher, Poulenger USA, Inc] and Yuccah R, manufactured by Plant Health 
Inc.[Broacher, Plant Health Inc.] could be tested to evaluate effectiveness of surfactants 
in increasing infiltration rates.
6.5 Moisture test recommendations
All the tests — poof, scrape, and wind tunnel are conducted on hot (75.2°F -  105.2°F), 
dry (12% - 25% rh) summer days with fairly low winds (2.0 -  6.0m/sec). It would be of 
value to know how weather conditions affect local soil drying rates and associated PM -10 
emissions. It is suggested that the soil drying experiments be repeated in winter and 
spring seasons to obtain data about how soil moisture and PM -10 emissions vary with 
time by season.
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6.6 Kit and procedure for rapid estimate of soil moisture
The kit consists of HH2 theta probe, plastic graduated cylinders and a portable battery- 
operated scale.
1. Use HH2 theta probe Vol% TDR meter for rapid measurement.
2. M easure tare weight of cylinder using portable scale.
3. M easure bulk soil volume in a plastic 250ml or 500ml graduated cylinder.
4. Weigh soil in cylinder using portable scale
5. Subtract tare weight of cylinder to get net soil weight
6 . Compute soil bulk density as soil mass (g) divided by soil volume (m^)
7. Compute estim ated soil mass moisture as volumetric moisture/bulk density.
8. Correct to ASTM  mass moisture using regression
9. ASTM mass% = A (HH2 mass%) +B, where A = 1.0757, B= 0
6.7 General procedural recommendations
A plastic kitchen colander was used to distribute water over the site surfaces. The 
colander had to be moved over the surface while water was poured. A graduated garden 
watering can with a wide uniform nozzle could be used to more evenly distribute water 
over the soil surfaces. The flow rate could be determined by measuring the time taken to 
spray the specified amount of water over the plot. The spray nozzle can be modified to 
have larger holes to better simulate droplet sizes applied from water trucks.
The Water depth applied on poof, whack, and wind tunnel tests is 0.25cm (0.100”). This 
depth is somewhat larger than the amount of water typically applied by water trucks 
outside the overlap area of the spray pattern. (Typical overlap or outside depth ranges
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0.18 -0.20 cm.) [Paul, 2004], and is typical of water application depths in the nozzle 
overlap zone of the spray pattern. It is recommended that experiments be conducted at the 
range of applied water depths known to occur in the field.
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